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NOTES ON THE ORGANIZATION OF NDKC 
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I lie duti« of the National Dcfciuc Research Committee were 
(I) 10 rcnimraertd to the Direttor of OSRD ruitahle projc<is 
ami rtscarch pn^ram« on OK inMnimetiiallties of warfare, !<»■ 
tccther with comun latilitic« r<»r carrying out ihc*c projecu and 
programs, ami ('.>) 10 adminincr the technical and scientific 
work ol the tomtacb, Morv' »|>ct^<ally. NDRC functiott«! hy 
irtiliaiinj» research projecu on rapicsis from the Army or the 
Navy, or on reqsirsii from an allied govcrnmcia Iranimitled 
thimigh the Liaison Office of OSRD, or on its own contidcrrd 
tjiiiialive a« a result of the rxperience of iu memben. Propcwal« 
prcpatet) by the INvbiun, Panel, or Committee for research con- 
tract» for itcrfonnancc of the wort involved in such projects 
were lint reviewed l>y NORC. and If approved, ret^tnmended 
to lb* nirrclor of OSRD. Upon approval of a proposnl hy the 
Uirccior, i coniract perroiMing maximum fiexibility of seien- 
lifk fflort was arranged. The butfneis asperts ol the ccntract, 
including »u«h maiten as matcriab. clearances, vouchers, pit- 
enu. prioti\irs, legal matters, ami ubninistration of patent mat- 
Jen were haiu'led hy (he Executive S«rctarv of OSRD. 

Originally NDRC admöiistcred its wnk through five divi- 
sion, each headed hy one of the NDRC memben. These -vcre: 

Division A-Anmand Orslnanct 

Divhkm B-Bomlu. Fuds. Caw». & Chemical rtohlcms 

Divwtot» C-Communication and Tramportation 

Division D-Dctcriion, Controls, and livstnimeois 

Divifion F-Palrnisaml Inventions 

In a reorganization in the fall of W,2, twciUy-thrcc adminis- 
trative divisions panels, or committees were created, each with 
a chief »elected on the basis of his outstanding work in th« par- 
ticular field. The NDRC members thin Ixrcame a reviewing and 
advisory group to the Director of OSRD. The final organization 
was as follows: 

Division   I-Ballistic Research 
Division  2-E(Iecls of Vmpact and Explosion 
Division 3—Rocket Ordnance 
Division  1—Ordnance Accessories 
Division 5—New Missives 
Division  6-Sub-Surfacc Warfare 
Division 7-Fire Control 
Division  H-F.xploshcs 
Division ft-Chemistry 
Division 10-Aborbentsand Aerosols 
Division II-Chemical Engineering 
Division I2--Trat»aportation 
Division I9-Elecirical Commun:catian 
Division I1-Radar 
Division 15-Radio Coordination 
Division 16-Optics and Camouflage 
Division 17-Physics 
Division IH-War Metallurgy 
Division l*>-Miscellancous 
Appliesl Mathematics Panel 
Applied Psychology Panel 
Committee on Pmpagation 
Tropicnl Deterioration Administrative Commiliee 
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NDRC FOREWORD 

s EVE? > ^ of the years preceding 1910 revealed more 
.atld more clearly the seriousness ol the world 

situation, many scientists in this country came to 
realize the need of organizing scientific research for 
service in a national emergency. Recommendations 
which they made to the White House were given 
careful and sympathetic attention, and as a result 
the National Defense Research Committee [NDRC] 
was formed by Executive Order of the President in 
the summer of 1940. The members of NDRC, ap- 
pointed by the President, were instructed to sup- 
plement the work of the Army and the Navy in the 
development of the instrumentalities of war. A year 
later, upon the establishment of the Olfice of Scien- 
tific Research and Development [OSRD], NDRC 
became one of its units. 

The Summary Technical Report of NDRC is a 
conscientious effort on the part of NDRC to sum- 
marize and evaluate its work and to present it in a 
useful and permanent form. It comprises some 
seventy volumes broken into groups corresponding 
to the NDRC Divisions, Panels, and Committees 

The Summary Technical Report of each Division, 
Panel, or Committee is an integral survey of the work 
of that group. The first volume of each group's report 
contains a summary of the report, stating the prob- 
lems presented and the philosophy of attacking 
them, and summarizing the results of the research, 
development, and training activities undertaken. 
Some volumes may be "state of the art" tre?tises 
coveting subjects to which varicus research groups 
have contributed information. Others may contain 
descriptions of devices developed in the laboratories. 
A master index of all these divisional, panel, and 
committee re[>orts which together constitute the 
Summary Ti ical Report of NDRC is contained 
in a separate volume, which also includes the index 
ci-f a microfilm record of pertinent technical laboia- 
tory reports and reference material. 

Some of the NDRC-sponsorcd researches which 
had been declassified by the end of 1915 were of suf- 
ficient popular interest that it was found desirable 
to report them in the form of monographs, such as 
tlic series on radar by Division 14 and the monograph 
or, sampling inspection by the Applied Mathematics 
Panel. Since the material treated in them is not 
duplica'cd in the Summary Technical Re|Mm of 

NDRC, the monographs are an important part ol 
the story of these aspects of NDRC research. 

In contrast to the information on radar, which is 
oi widespread interest and much of which is released 
to the public, the research on subsurface warfare is 
largely classified and k of general interest to a more 
restricted group. As a consequence, the report of 
Division 6 is found almost entirely in its Summary 
Technical Report, which runs to over twenty 
volumes. The extent of the work of a Division can- 
not therefore be judged solely by the number of 
volumes devoted to it in the Summary Technical 
Report of NDRC; account must be taken of the 
monographs and available reports published else- 
where. 

The field of wartime research of Division 18 was 
metallurgy. The objective of thü Division, under 
die leadership of Clyde Williams was to aid in im- 
proving metallurgical processes a ad metallic mate- 
rials of war and in promoting the conservation of 
scarce and strategic materials. 

The Division was unique among the NDRC 
groups in that it carried out its technical functions 
through the War Metallurgy Committee, a coordi- 
nating unit of thirty outstanding metallurgists and 
engineers created by the National Academy of 
Sciences and the National Research Council. 

The metallurgical research program was not con- 
cerned with the development of any specific military 
equipment or finished product, but radier with mate- 
rials and prpceuec Yet, though the progrum hail no 
startling device to advertise it, its results were liter- 
ally built into planes and rockets, ships and guns and 
tanks. 

The Division's Summary Technical Report has 
been prepared under the direction of, and has beers 
authorized for publication by, the Division Chief. 
To him, to the divisional staff, to the members and 
staff of the War Metallurgy Committee, and to 
workers in the many contracting laboratorirs go our 
appreciation and thanks. 

VANNEVAR BUSH, Director 
Office of Scientific Research and Development 

J. B. CONANT, Chairman 
National Defense Research Committee 
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Tm. roLLQWlNC »unit »ary technical report of the 
work of the War Metallurgy Division (Division 

18) of tht National Defense Research Committee 
[NDRC] gives a complete picture of the aims and 
accomplishments of the Division's research program 
deHribctl in such detail as seen» adequate. To this 
presentation the Division Chief has nothing to add 
hy wav of tenhnicaS comment or emphasis. 

I do wish, however, to make acknowledgment to 
the editor, David C. Minton, Jr., for his painstaking 
work in assemhling, or himself writing, die several 
sections of the report and in editing and coordinat- 
ing the entire report. He already has made acknewi- 
edgmenis in his preface to Un«c who prepared the 
original mamisciipts tor the several sections and 
who otherwise assined in the work, in all these 
acknuwlcdgmcrm I wish to join. 

After the specific- acknowledgments in this repon 
have beet) made, there still remains s very great 
imicbtedncfts on the part of the War Metallurgy Divi- 
sion to m.iny other agencies, organi/ations, and in- 
dividuais. 

The work of Division 18 was to undertake re 
search to improve metallurgical processes, to improve 
metallic materials of construction, and to promote 
conservation and substitution of scarce or strategic 
metallic materials, all as applied to the production 
of instrumentalities of war. Recognition of the de- 
sirability of the coordination of defense and war 
research in metallurgy wich industry and with re- 
search agencies and technical societies prompted the 
Office of Scientific Research and Development 
(OSRD] and NÖRC in 1941 to enlist the assistance 
of the National Acnkmy ol Sciences and the Na- 
tional Research Council as channels \ /ough which 
NDRC metallurgical research might be accom- 
ptUhed. 

The Division's thanks are tendered to OSRD and 
NDRC for providing and supporiing this channel 
of Operation and to the National Academy of 
Sciences and the National Research Council for 
organifing and operating within their framework 
the War Metallurgy Cntnmiure to make effective 
the desired (oopcrativc effort in metallurgical re- 
search- This cooperative effort was made posaible by 
the members of the War Metallurgy Commiuec and 
several hundred industrial and university metal- 
lurgists, engineers, and research worker who served 
on the vatiom projett advisory committees, their 

time and technical advice being contributed by their 
employer» without charge. 

In addition to contributing advice, industry gave 
without restrictions its accumulated knowledge, re- 
sults of research, and helpful comments and criticism. 
This invaluable tnfonnaUon was used by the War 
Metallurgy Committee in appraising problems and 
in planning and directing the research projects of 
the Division's program. The members of the War 
Metallurgy Committee and of the many project ad- 
visory committees, who together represented all 
phases of the metallurgical industry, were kept in- 
formed of the progress of the investigations so that 
the results could be utilized immediately in their 
research work and in war production. This free inter- 
change of information and ideas was particularly 
desirable in the work of the War Metallurgy Com- 
mittee because its greatest value lay in obtaining and 
disseminating industrial "know-how" so that in- 
strumentalities of wai could be made from materials 
available, often using substitute materials which 
required special methods ol processing. This is in 
contrast with vnuch of the other work of NDRC 
which was concerned with the development of spe- 
tific miiitary devices or finished products. Thus, the 
Division was able to provide information not only 
fur the use of the Armed Services and their conttac- 
tors. but also for the use of other Divisions of NDRC. 

The accomplishments of the Division, which were 
made possible by the activities ot the War Metal- 
lurgy Committee, provide an outstanding example 
of the results of cooperation between industry and 
governmental agencies in time of emergency. Thus, 
the Division's activities throughout were truly co- 
operative and coordinating. The Division is fully as 
proud of its accomplishments in these aspects of its 
work as in any technical accomplishments, and by 
the same token it is sincerely grateful to all who 
helped in this cooperation. 

The Division is indebted and grateful also to the 
Armed Services, not simply for the formally desig- 
nated liaison, but for the sincere and active interest 
and participation in the Division's program by all 
echelons of the Services' research and development 
organizations. 

CLYDE WILLIAMS 

Chief, Division 18 
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PREFACE 

THJS REPORT summarizes the metallurgy work on 
instrumentalities of warfare carried out under th^ 

direction of the War Metallurgy Division (Division 
18) of the National Defense Research Committee 
[NDRCJ. 

The first purpose of this report is to serve as a guide 
to help the fu'.ure studen' of «he original reports to 
select tiiose dealing with the subject in which he is 
(lUerested. Often a number of projects relate u üv: 
same general topic. 

A viond object is to give a broad view of the results 
obtained and of their engineering meaning, which 
may sometimes in itself be sufficient for fhe reader's 
purpose, but more often may guide him to the par- 
ticular report that he will want to consult for details. 

In this connection, an attempt has been made to 
phrase the report s) that die meaning of the results 
will be clear to a leader with general engineering 
background, even though he is not a metallurgical 
expert. However, some of the projects are so tech- 
nical and spechdized that a reader must be something 
of an expert in the particular field to grasp even a 
not-too-technical report. Reports on such topics prob- 
ably will be referred to only by experts, so it has not 
been considered necessary to define technical terms 
or to discuss the elementary fundamentals involved. 

The projects discussed in this report were given a 
place on the war research program because experts 
believed that information on them could be used to 
further the war effort. They were carried only as far 
as it appeared that the information would IK; useful 
in World War II, although their further prosecution 
in more leisurely fashion might be of value in com- 
mercial problems or as a measure of preparedness 
against a future war. 

However, there arc some projects in which matters 
were brought to such a stage that cominua<.ion and 
expansion of the research programs obviously should 
go on without interruption after demobilization of 
NDRC. In these cases, further work by or for the 
Armed Services usually has been arranged, and, since 
the situation is continually changing, it appears un- 
desirable to go into detail relative to such projects in 
this re[>ort. 

An appraisal of the direct and indirect influence of 
the work in some quantitative terms would be inter- 
esting, but the present writers, unable to make such 
an appraisal, have not attempted it. Such an ap- 
praisal could IK- made only by the Armed Services. It 

would be a very difficult task, since many tributaries 
led the main stream of advancing knowledge of tin; 
production and the processing of metals and alloys. 
Service and civilian engineering and research, the 
civilian work directly sponsored by the Armed 
Services, work of the other NDRC divisions and of 
the War Production Board [WPb], as well as studies 
carried on under still other auspices all blended to- 
gether; and it would be virtually impossible to 
determine which drop of water in the main stream 
came from which tributary. That there already was 
considerable water in the stream is indicated by the 
fact thai the bibiiography1 on armor, armor-piercing 
projectiles, and the welding of armor prepared by 
Watertown Arsenal contained !,1(J7 entries on 
armor, 457 on armor-piercing projectiles, and \2\ on 
welding. This bibliography covered work only 
through 1942. 

In accordance with the instructions issued for the 
preparation of this report, no attempt has been made 
to allocate credit to the individuals who contributed 
to the work done. Rosters of the supervisory and ad- 
visory personnel appear in the back of the volume. 
Although the institutions where the reseauh was 
carried out are mentioned in the text of this poii 
the bibliography must be consulted for the nai ics ol 
the authors of the reports who were, in most insi.i n 
the principal investigators. The names of those who 
supervised the work in behalf of the government and 
those who served on the many project advisory com- 
mittees are given in the distribution lists cf the 
various reports cited in the bibliography of this 
report. 

This summary technical report is based in part 
on an editorial summary of most of the reports of 
Division 18 that was written by Dr. H. W. Giliett, 
a member of Division IS and of the War Metalluigy 
Committee. Indeed, much of Dr. Gillett's summary 
has been incorporated verbatim into this summary 
technical report by these who prepared the several 
chapters. Chapter 2, "Armor," was prepared by 
Dr. C. H. Lorig of Battelle Memorial Institute and 
Supervisor of Atmor Metallurgy Research, War Met- 
allurgy Committee. Most of Chapter 3, "Guns and 
Gun Steels," was prepared by Dr. Cyril Wells, an in- 
vestigator on the NDRC gun steel projects at Carnegie 
Institrte of Technology. The armor and ordnance 
section of Chapter 6, "Welding," was prepared by 
Dr. A.  Midler:  the seaion on ship welding and 
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PEIEFACE 

welded »tcel shij« of the santc chapter was prepared 
by Dr. Finn JfonaMen. Ik>lh of du'sc men are Assistant 
Supervisors of Welding Research, War Metallurgy 
Committee. Chapter 5, "Metal» for High Tempera- 
ture Research," was prepared by Mr. Howard C. 
Cross of Batteiic Memorial Institute and Superviso. 
of High Temperature Metals Research, War Metal- 
lurgy Committee. Chapter I, "Aircraft Muteriafs"; 
diaper 4, "Ammunition"; Chapter 7, "Foundry 
Material» and I'roccsses''; Chapter 8, "Enemy Mate- 
tiel"; and Chapter 9, "Mistcllaneoiis Material» for 
War," were prepared by Mr. David C. Minton, Jt , 
■Senior Technical Aide, Division 18, and Research 
Supervisor, War Metallury Committee. The Sum- 
mary was prepared by Mr. V. H. Schnee of Battclle 
Memorial Institute and Chairman, Products Re- 
search Division, War Metallurgy Committee, under 

whose charge the technical administration of the 
work of Division 18 was conducted. 

In addition to those named above, the editor 
acknowledges with thanks the assistance of Mr. Louis 
Jordan, Technical Aide to the Chief, Division 18, 
and Executive Secretary, War Metallurgy Com- 
mittee; and Mrs. S. L. Kruegel, Technical Aide of 
Division 18 as well as of the War Metallurgy Com- 
mittee. 

In the editing and compiling of this report, con- 
siderable license wr.s taken with the material pre- 
pared by those named above in order to make the 
rcpon as uniform as possible. 

DAVSD C. MINTON, JR. 

Editor 
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ORGANIZATION OF DIVISION 18 

THE iv.RsfiNNKL of the War Metallurgy Division 
(Division 18) comprised a chief, three technic: 1 

aides, and four members. These are listed on pajje 
153 of this report. 

Division 18 carried on its functions through I've 
War Metallurgy Commiuce of the National Acad- 
emy of Sciences and National Research Coundl, 
which was an outgrowth of earlier committees of tho 
National Academy of Sciences and National Re- 
search Council. 

The War Metallurgy Committee assumed the con- 
iir.uing functions of several smaller advisory com- 
mittees; namely, the 'IVvhnologlc Commiitce on 
Manganese, which was nppoinlcd by the National 
Academy of Sciences in July 1940 at the request of 
the Advisory Commission to the Council for Na- 
tional Defense (later succeeded by the Office of Pro- 
duction Management which in turn was succeeded 
by the War Production Board); the Advisory Com- 
mittee on Tin Reclamation, which was appointed 
in Septeiiiber 1940 at the request of the Advisory 
Commission; the Advisory Committee on Metals and 
Minerals, which was formed in January 1941 at ihe 
request of the Office of Production Management; 
and the Metallurgical Advisory Committee and the 
Welding Advisory Committee, which were formed 
as a result of a request of the Office of Scientific Re- 
search and Development in July 1941. 

It soon became apparent that the last two com- 
mittees cculd he combined to advantage, since many 
of the technical problems involved in the develop- 
ment of new weapons involved not only metallur- 
gical improvements but also dcfinlie advances in 
welding techniques and materials. The Metallur- 
gical Advisory Committee which began to function 
in October 1941 undertook to develop the necessary 
we'dinv research programs as well as a metallurgical 
research program. In March 1942, the Metallurgical 
Advisory Commiitce was asked by the War Produc- 
tion Board to organize and supervise research in the 
field of production of metals and minerals. In May 
19IJ, it began the organization of a comprehensive 
research progiam financed largely by the War Pro- 
duction Board. 

In order to operate these various activities effi- 
ciently, in May 1942 the War Metallurgy Committee 
was organized. The relationship between ihe War 
Metallurgy Committee and the various government 
agencies which it served is shown diagrammatical I y 
on page 154. 

The committee proper was made up of SO of the 
nation's outstanding scientists, metallurgists, and 
engineers including 20 civilians, •■{ Army officers, and 
1 Navy officer. The- committee laid down broad prin- 
ciples and acted as an overall advisory committee. 
Although it met in a body only once each year, 
smaller groups of the members met from time to 
time to discuss specific problems in their fields and 
many decisions were arrived at through balloting by 
mail. A listing of the members of the War Melallmgy 
Committee is given on page 155. 

The administration of the committee was under 
a chairman who was responsible for overall opera- 
tion , a vice-chairman who was responsible for ad- 
visory reports and technical surveys, ard an executive 
secretary who was responsible for administrative 
matters. 

The activities of the committee were carried on 
by four major divisions, each of which was in charge 
of a chairman whose duties were similar to those of 
a section chief in the usual NDRC division: 

!. The Advisory Division, which prepared reports 
for, and at the request of, the War Productior Boaru 
primarily, but also other government agencies and 
the Army and Navy. 

2. The Processes Research Division, which was 
responsible for the organization and supervision '»f 
research projects, largely for the War Production 
Board, dealing with the development of new or im- 
proved processes for the production of metallic or 
mineral products and for the conservation and sub- 
stitution of materials. 

5. The Product: Research Division, which was 
responsible for the organization and supervision of 
projects dealing with development or application 
of new or improved products and fabrication proc- 
esses for instrumentalities of warfare. Most of these 
projects were conducted for the National Defense 
Research Committee [NDRC] oi the Office of Scien- 
tific Research and Development [OSRD]. 
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INTRODUCTION 

■ 

•I, Tin- Research Informaiion Division, which had 
charge of (he collection and dissemination of classi- 
fied or iiii|nil)lished infomiaiion in the field oCmetals 
and ininends as a service to the research divisions 
ami lo «he contractor» nnder their supervision. 

In the work of the Advisory Division, emplmis 
was placet! on hi iii«;iim to hear on every question 01 
problem submitted by government agencies the liest 
ialent and ;dl of the scientific and practical informa- 
tion available to the committee through the large 
number of specialists serving on its subcommittees. 
The work of she Advisory Division was performed 

by the Advisory Committee on Metals and Minerals, 
one of the forerunners of ;he War Metallurgy Com- 
mittee. This Advisory Committee was comprised of 
70 ipccialtst» who were seiected because of their abili- 
ties, not their positions. The basis for the selection of 
this committee, a» with subsequent coinnrttecs. was 
experience, judgmoit, ami leadership in the particu- 
lar field of aciiviiy. The Advisory Coinmittec on 
Metals and Minerals comprised live groups: 

1. Metals conservation and substitution group. 
2. Ferrous minerals and ferro-alloys group. 
3. Tin smelting and reclamation group. 
1. Nonmetailic minerals group. 
5. Alumina group. 
The Advisory Division and its predecessors have 

prepared a total of 2<M) reports touching on the fields 
of practically all the important metals «nd involving 
studies of new methods of production, recommenda- 
tions tor (he substitution of one metal for another 
and of other materials for metals, and suggestions 
as to htm- «arte metals could lie conserved. Most of 
these reports were prepared at (he request of (he- 
War Production Board, although some were pre- 
pared at the request of various branches of the 
Armed Service, NDRC. the Defense Plant Cor- 
poration, and the National Advisory Conuniace for 
Aeronautic (NACAJ. Many included conhdenrial 
company information which was made available to 
ihc committee by industry for the use of the various 
government agencies in making decisions concerning 
war production. 

In the work ok' the research divisions, emphasis 
was placed on cl'jsc supervision of each project by a 
competent research director who was provided with 
the constant advice of committees of experts in the 
particuUr field concernttl. In carrying out the re- 
search program. 32 revcarch supervisors were em- 
ployed, tath of these juijervison had charge of one 

or more projects in his field and visited them from 
time to time to consult with and advise the inves- 
tigator on his research program. The research super- 
visor also coordinated the work of (he related proj- 
ects in his field and consulted with representatives 
of the government agencies interutcd in the work. 
The duties of a research supervisor of (he War 
Metallurgy Committee were similar to those of a 
technical aide in the usual NDRC divisional o»-- 
gantzation. Eat h projecf or group of related projects 
had a project committee which assisted the super- 
visor in outlining his program and establishing (eth- 
nical polity. These committees consisted of experts in 
the particular fields concerned as well as liaison rep- 
resentatives of the government agencies interested in 
the problem under study. In this manner, advice 
from those experienced in (he field as well as from 
those who needed (he information was available to 
(he supervisor and (hrough him to (he project inves- 
tigator. Meetings of the project committees were held 
at frequent intervals to review die results of die work 
done when phases of the program were complete»' 
or when recommendations as to the continuation of 
the project or changes in the program were necessary. 

Each research supervisor and his project commit- 
tees were kept informed of the progress of the work 
on each project under his superviscon through in- 
formal monthly reports and formal progress reports 
prepared by the investigator on each project. 

The Office of the Executive Secretary of the War 
Metallurgy Committee not only handled the collec- 
tion, duplication, and distribution of reports, but 
also served as a headquarters for the committee staff 
arsd records, maintained liaison with government 
agencies and the Armed Services, and performed 
numerous administrative functions. Among these 
were processing deferments for the contractors' per- 
sonnel; obtaining the necessary priorities for the 
purchase of research supplic<i and equipment: ar- 
ranging for the security clearances of staff and con- 
tractcrs' personnel: arrcnging for clearances for the 
*tal? members and contractors' personnel to visit 
government laboratories, arsenals», proving grounds, 
etc.. as well as other laboratories under govemnxent 
contracts; and keeping the staff and contractors ad 
vised of new regulations affecting their activities. 

The Research rnformation Division collected in- 
formation from domestic and allied government 
sources, classified it. ami distributed it (o (he various 
supervisors and investigators concerned so that they 
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could benefit by iht efforts of other investigators 
working in their fields. This infcrntaiion included 
not only that of our government and allied govern- 
ment laboratories but also available information 
concerning the activities of the enemy in the field of 
metallurgy. The Research Information Division also 
maintained a staff of librarian!, who abstracted and 
indexed the research reports issued so that the infor- 
mation was correlated and made more readily usable 
by the government agencies, Armed Services, and 
their contractors engaged in war production.8"'1 

A roster of the staff of the War Metallurgy Com- 
mittee is given on pages 150-157. 

SOURCES OF RESEARCH PROBLEMS 

The research problems upon which the War Met- 
allurgy Committee program was based emanated 
from several sources. These are shown diagram- 
matically on page 154. Many projects were under- 
taken as the result of recommendations made by 
civilian ad hoc committees aopointed by NDRC or 
the War Metallurgy Committee. Some projects were 
undertaken because the members or staff of the War 
Metallurgy Committee were familiar with problems 
of industry; others were studied at the retpiest of the 
War Production Board. To avoid overlooking such 
problems vital to the wav effort, the War Metallurgy 
Committee employed recognized experts to make 
surveys of the available information in their fields 
so that the gaps or research needs could be ascer- 
tained and »esearch speedily initiated. 

Naturally, these gaps were in widely varied fields, 
the only necessary feature of similarity being that 
the problems all concerned metallurgy or metal- 
lurgical engineering in the war effort. In rare cases, 
projects were undertaken that, on the basis of avail- 
able information, had but a slight chance of success. 
This was because the possibilities had not been ex- 
hausted and even a slight chance of success was worth 
taking. These were, in the main, unsuccessful and 
were terminated as soon as convincing evidence had 
been accumulated that, with present-day knowledge 
and facilities, hep? of securing information in time 
for application in World War 1) was still vanishingly 
small. Many of the projects wire on topics already 
under investigation by the Amied Services or already 
in the minds of their represertatives as deserving of 
study when opportunity and funds pennittcd. When 
the Armed Services were unable to continue their 

work, a program was planned either to carry it on 
from whatever point the Services had ••eached or to 
dovetail it into their continuing work. These studies 
were requested of NDRC through the War Depart- 
ment Liaison Officer for NDRC, Headquarters, Army 
Service Forces, or the Coordinator of Research and 
Development (later the Office of Research and In- 
vention) of the Executive Office of the Secretary of 
the Navy. A listing of the Army and Navy projects 
assigned to Division 18 with the Division 18 projects 
pertaining to each is given in Appendix E. 

Almost all the projects established on problems 
relating to instrumentalities of war and originating 
outside of the Armed Services were subsequently 
adopted by the interested branches of the Services 
and appropriate liaison established so that they 
could be conducted with maximum benefit to the 
Services. 

ESTABLISHMENT OF RESEARCH 
PROJECTS 

After appraisal of a problem, a research program 
was formulated, and a contractor selected whose 
facilities, personnel, and experience might best be 
utilized to attack the problem and to conduct the 
program speedily and efficiently. Proposals for the 
financing of these projects were reviewed and ap- 
proved by the members of Division   18 prior to 
presentation to NDRC. As the War Metallurgy Com- 
mittee also su|>crviscd research on production, con- 
servation and substitution, and process metallurgy 
problems lor the War Production Board, proposals 
for financing research on such problems were sub- 
mitted to the Office of Production Research and De- 
velopment [OPRD] of the WPIi.   (See page 154.) 

The types of projects esiablished included research 
projects, correlation projects, and survey projects. 
The research projects involved lahoratcny investiga- 
tions and were financed by OSRD or OPRD under 
contracts between those agencies and the research 
laboratories. Correlation projects were investigations 
which -were financed by industrial concerns but car 
ried out under the general supervision of the War 
Metallurgy Committee, the results of the investiga- 
tions being submitted by the War Metallurgy Com- 
mittee to NDRC and distributed to the Arm^J 
Services and thdr contractors in the form of NDRC 
reports. Survey projects were field investigations car- 
ried out by engineers or committees designated by 
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the War Metallurgy Conitniucc to collect and cor- 
relate the available information on a given mbject 
v> thai the research needs could be determined. In 
many rases the infommiun made available by indus- 
try was sufficient for government [>urjx)ses and obvi- 
ated the necessity for establishing research projects. 

All contractual and fiscal relationships with the 
OSRI) contractors under the jniisdiction of Division 
18 were «he responsibility of and were conducted by 
the Division staff even rhotigh technical supervision 
and administrative dutiei were cairicd eitt by the 
War Metallnigy Committee. 

THE RESEARCH PROGRAM 
OF DIVISION 18 

The research program of Division 18 included the 
study of metallurgical problems involved in the pro- 
duction of materials and instrumentalities of war. 
The s[>e( ilit obiettives of «he work were to improve 
the qualities and properties of metals and alloys 
used in military vehicles, equipment, weapons, and 
ammunition; to improve the methods of produnnK 
and fabruating such metals and producis; and to 
increase «he production of such military product! 
by the development of sulmitme material having 
acceptable properties. Unlike most of the other 
NDRC divisions, Division 18 was never concerned 
with the development of a specific military device 
or of a finished prod»5( t. The Division 18 work iiself 
comprised fundamental tesearch complemented by 
applied research designed to reduce the «ernnical 
finding* to the practical production oi military goods 
by industry. 

The icchnical program of Division 18 as carried 
out under the supmision of the War Metallurgy 
Committee embraced 91 contract research projects, 
11 correlation pmjei ts financed by industry, and 21 
survey projects, or a total of S23 investigations on a 
wice variety of subjec<s. A listing of the Division 18 

contract and correlation projects is given on pages 
I(i2'165. This listing also gives the contractual 
information for each contract, the name, address, 
and technical reprcseniative of each contractor, and 
the title of each project. A listing of «he War Metal- 
lurgy Committee survey projects carried out for 
NDRC is given on page Ififi. 

For convenience, the Division 18 program has been 
subdivided by materials or processes in «his sum- 
mary technical report In the same manner as in the 
semiannual Division 18 memoranda reports to the 
Office of the Chairman, NDRC. These broad sub- 
divisions, which are also chapters of this report, are 
;is follows: 

Chapter I. Aircraft Materials. 
Chapter 2. Armor. 
Chapter 3. Guns and Gun Steels. 
Chapter 1. Ammunition. 
Chapter 5. Metals for High-T.mpei ature Service. 
Chapter 6. Welding. 
Chapter 7. Foundry Materials and Pi-ocesses. 
Chapter 8. Enemy Materiel. 
Chapter'.). Miscellaneous Materials for War. 

The attention of the reader is called to a compre- 
hensive index- of ai! the 661 Division 18 reports. 
As stated befoie, the War Metallurgy Committee 
also supervised research on production, conservation 
and substitution, and process metallurgy problems 
for the Office of Production Research and Develop 
ment. These projects are not discussed in this report, 
but, in many instances, particularly in investigations 
of aircraft materials and welding, the OPRD work 
complements that of NDRC. An index'1 of the 163 
research reports and 200 advisory reports submitted 
by the War Metallurgy Committee to OPRD is given 
in the bibliogiaphy and will assist in giving the 
reader a better understanding of the overall picture 
of the metallurgical research carried o«tt by NDRC 
and OPRD during World War II. 
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SUMMAHY 

i ACH OF THE nine parts of the Division 18 research 
program consisted of a group of related projects 

concerned with metallurgical problems perlineni to 
the production of materials for instrumentalities of 
war. The program comprised fundamental research 
complemented by applied research to reduce the 
technical findings to the practical production of war 
materiel by industry. The specific objectives of the 
work were to impiovc the qualities and properties of 
metals used in military products, to improve the 
methods of producing and fabricating such metals 
and products, and to increase the production of such 
military products by the development of substitute 
materials having acceptable properties. A brief 
resume of the accomplishments of each of the nine 
parts of the Division 18 research program is given 
in the following summary, and more detailed treat- 
ment is given in the body of this report. 

AIRCRAFT MATERIALS 

This pai t of the research program was concerned 
primarily with the study of the light alloys, alumi- 
num and magnesium. The mass production of air- 
craft undertaken for the first time early in the war 
effort introduced a host of new problems. The transi- 
tion from hand forming and eul-and-try methods of 
fabrication to production practice ralM for «he im- 
mediate collection and dissemination of a mass of 
fundamental data on the forming properties of the 
aluminum alloys. An extensive survey of industrial 
fabrication operations was undertaken, and a cor- 
related digest of the information was distributed 
widely through the aircraft industry by the Produc- 
tion Aids Unit, Bureau of Aeronautics, Navy De- 
partment. Rased on this survey, three research proj- 
ects were established to secure needed additional 
information on the forming characteristics of alumi- 
num alloys. These projects were extended later to 
study the properties and forming characteristics of 
the stronger aluminum alloys which became avail- 
able during the war. 

Surveys to collect and disseminate information on 
the effects of impurities in aluminum alloys, on the 
fatigue and impact characteristics of the heat-treated 
alloys, and on the high-temperature properties of 

both magnesium and aluminum alloys were conduc- 
ted. A preliminary study of the possibilities of cast- 
ing or forging high beryllium-aluminum alloys for 
possible use in lightweight engine parts indicated 
great commercial difficulties and consequently was 
not carried to completion. 

Early in the war, there was considerable doubt 
that sufficient supplies of aluminum could be devel- 
oped in time to satisfy the leaping requirements of 
the aircraft production program. New and greatly 
increased production facilities for magnesium were 
authorized and ample supplies of this virtually new 
metal seemed assured. It appeared necessary to secure 
as rapidly as possible the engineering data which 
would permit the aircraft designers to evaluate or to 
use magnesium alloys in the construction of air- 
frames. Five research projects were established. Two 
of these were planned to study the mechanical prop- 
erties and die fatigue characteristics of the then 
available magnesium alloys. Two were concerned 
with studies of forming characteristics and another 
with the stress-corrosion of magnesium alloy sheet. 
Alloys with a high level of property values were not 
developed, but new techniques in casting and heal 
treatment resulted in increasing materially the re- 
sistance to stress-corrosion of certain of the commer- 
cial alloys. Work on the development of new mag- 
nesium alloys is being continued both by the Bureau 
of Aeronautics, Navy Department, and the Army 
Air Forces. 

Research on the development of carbon steel air- 
craft control cables, with adequate corrosion re- 
sistance, to replace stainless steel cables resulted in 
cable with improved performance characteristics and 
provided data for use in the revision of specifications 
covering aircraft control cables. A project on 
mechanical surface treatment made possible a sub- 
stantial improvement in performance of a number 
of engine and ordnance parts. In many instances, 
this treatment, shot pecning, obviated the necessity 
for redesigning parts which had been put into pro- 
duction but were suffering premature failures in 
service. 

In order to assist in the standardization of test 
methods used in the procurement of aircraft mate- 
rials, a comprehensive survey was made of the test 
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incttxMls ni the MaiciiaU Laboratory, Air Technicai 
Service Command [ATSC], Wright Field. Another 
survey was cairietl nut tm the fatigue of aircraft 
sirmtiiies and materials •<» that the research needs 
in the field could be ascertained. 

ARMOR 

Ten projects on the metallurgy of armor and aimor 
steels were conducted. The piiiuipal project was 
a broad study of the fundamental metaliurgical prob- 
lems encountered in the production and heat treat- 
nient of armor plate. Stalling with problems of con- 
servation and substitution brought about by the 
critical shortages in alloying element.« at the begin- 
ning of World War II, the work included studies of 
the effect of ga» in armor steel, the correlation of 
metallographic structure and hardness of armor 
plate, the improvemeni of the ballistic properties of 
low-alloy armor plate, the effects of various elements 
on the quench-ciacking susceptibility of cast armor, 
and the development of methods for the production 
ol face-hardened armor plate. 

Supplementary projects were conducted to make 
more detailed investigations of the more important 
probleto, notably the use of hoi on as a hardening 
dement, the use of flame hardening, and the develop- 
ment of nonalloy armor plate. 

Other investigations were concerned with the de- 
velopment of a nonballislic test and a direct explo- 
sion tes* for armor quality. The nonballistic test was 
capable of predicting failure by spalling but was not 
reliable for predicting cracking. The direct explo- 
sion test showed considerable promise for use as a 
screening lest prior to ballistic testing and as a 
method ot etiminaling much of the human equation 
in evaiuating ballistic results. 

These projects were conducted with the close 
«iFoper.ttion of Watertown Arsenal and the subcom- 
mittces on Cast and Rolled Armoi, Ferrous Metal- 
lurgical Advisory Board, Army Ordinance Depart- 
ment. They resulted in improvements in practice for 
cast armor, improvements in face-harden«! armor, 
and a better understanding of the role of composi- 
tion, gas content, and microstructurc on the ballistic 
properties of armor plate. 

Another project of interest to the Bureau of Ord- 
nance, Navy ncjj.ofimnt. and the Army Air Force 
was an investigation of nonmagnetic or magnetically 
stable armor plate for aircraft- This imluded deter- 

mination of the ballistic; properties of a number of 
nonmagnetic steel compositions made with various 
heat treatments. 

GUNS AND GUN STEELS 

Eight coordinated projects relating to gun tubes 
and gun steels were conducted in clos'' cooperation 
with Watertown Arsenal, Watervliet Arsenal, and 
the Research Group of the Subcommittee on Gun 
Forgings, Ferrous Metallurgical Advisory Board, 
Army Ordnance Department. 

In this program, two projects were concerned with 
the quality of steel used in the manufacture of 
wrought gun tidies. Both laboratory and statistical 
studies were made, and as a result of these studies 
data were supplied (or the revision of the specifica- 
tions for wrought gun tubes, making it possible to 
secure adequate quality of gun steel as well as the 
finished gun. Testing procedures were also simplified, 
thus making substantial savings in time and money 
with an overall increase in the number of satisfactory 
guns produced. Under a project on the improvement 
of gun steel ingot practice, a study was made of the 
relation between ingot practice and bor*" defects 
and of the effects of bore defects on the perfomutjce 
of lO-mm and 73-mm seamless gun tubes. A classifica- 
tion of bore defects based on these studies was pre- 
pared to assist in the inspection of gun tubes. Under 
a project on the prevention of cracking in gun tubes, 
a test for cracking susceptibility was developed, the 
causes of quench cracking were determined, and 
remedies were outlined for reducing qucnch-crack 
losses. Certain of these projects are being continued 
under contract with the Ordnance Department. 

A project on the control of basic open-hearth melt- 
ing practice for the maniifactM.re of wrought gun 
tubes correlated the numerous manufacturing vari- 
ables with the quality and physical pro]>erties of 
gun tubes. Two other projects on the processing of 
wrought gifn tubes dealt with the heat treatmcrit 
of gun sleek One erf IIII-K- ptojects developed a 
test nethod fov drutr?:'-- :«» «he .-oncct tempering 
lemptiaiuus l-n fulh I'd and tempered gun 

';,', manufacturers of 
. t development of im- 

r* materially decreasing 

lubes. This met hi >d fc 
gun tubes .uid rtsuMi-v 
proved heat treaiing pi. 
rejections »vish a correqM>iuiirv>; inmate in finished 
gun lubes. 

At the dose of World Wat it. a project was undei 
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way to develop new gun steels with greatly improved 
properties for use in connection with new designs de- 
veloped by the Army Ordnance Department. 

AMMUNITION 

At the request of the Office of the Chief of Ord- 
nance, inveslif,ations were carried out on materials 
for three components of ammunition: armor-piercing 
shot, cartridge cases, and driving bands. 

The project on armor-piercing shot was concerned 
with studies of nonalloy steels treated with special 
addition agents and resulted in the development of 
armor-piercing shot with superior ballistic proper- 
ties. 

Three investigations relating to the stress-corro- 
sion cracking of cartridge brass were conducted with 
the close cooperation of Frankford Arsenal where 
work of a similar nature was being carried on. One 
project was concerned with the prevention of stress- 
corrosion by surface protection or treatment and re- 
sulted in the development of new protective coat- 
ings, one of which demonstrated the efficacy of thin 
electroplated zinc coalings and the electrochemical 
protection afforded to scratciied areas. Under a proj- 
ect relating to the detection and elimination of 
internal stresses contributing to stress-corrosion, 
methods of measuring the stresses introduced in the 
cartridge case manufacturing processes by X rays 
were developed and applied to lots of sample cases 
from Frankford Arsenal to permit better production 
control. A study of the effect of volume changes 
associated with phase changes in cartridge brass re- 
vealed that the effect was negligible and that proper 
annealing eliminated the laminated structure caused 
by the presence of the zinc-rich phase. 

METALS FOR HIGH-TEMPEEATURE 
SERVICE 

Work in this field was instituted at the request of 
the Navy Department to develop new alloys and to 
establish design data for the commercial alioys avail- 
able for high-temperature service in the gas turbine 
used for ship propulsion. In order to expedite the 
investigation, the facilities of 12 laboratories were 
utilized. Early in the investigation, it was recognized 
that the results were equally applicable to the high- 
temperaiure service encountered in the operation of 
turbmuperchargers and jet propulsion engines for 

aircraft. The work therefore, was closely correlated 
with the related research programs of the National 
Advisory Committee for Aeronautics, the U. S. Naval 
Engineering Experiment Station, the alloy pro- 
ducers, and the manufacturers of the equipment 
being supplied to the Armed Services. Thus, all types 
of test data were obtained over a temperature range 
from 1200 to 2000 F. 

Early in 1942, the Armed Services requested an 
alloy that would give satisfactory servi ' :u a 
temperature of 1500 F and at a stress of 7.000 psi. Six 
heat-resisting alloys of promise for gas turbine and 
turbosupcrcharger service were then available, but 
none possessed the desired properties at high 
temperatures. At the termination of the work, nearly 
one hundred alloys had been tested, and ten or more 
had been shown to possess properties at 1500 F equal 
to or considerably better than the original goal of 
the project. Several of the forged and cast alloys in- 
vestigated were shown to have as good properties at 
1600 F as those originally desired at 1500 F. 

Concurrent with the determination of design data 
at high temperatures for the avnilable alloys and 
those of similar base compositions developed during 
the project, two of the laboratories were engaged in 
studies of the properties of new alloy systems. Limited 
tests on these new experimental alloys at 1600 F 
indicate these alloys to be superior in properties to 
presently available commercial alloys and of great 
future promise, but additional research work is need- 
ed to determine satisfactorily their properties and 
to develop suitable methods for commercial pro- 
duction. 

In addition to the foregoing investigations, a proj- 
ect on metal and ceramic materials for jet propul- 
sion devices was carried out in cooperation with the 
Armed Services, their contractors, and other NDRC 
div.sions. Under this project, assistance was given 
on the development of materials of construction for 
both solid-fuel and liquid-fuel rocket motors. 

The research work on developing engineering 
data on heat-resisting alloys and the welding of these 
alloys is being continued under the sponsorship of 
the Office of Research and Invention, Navy Depart- 
ment. A comprehensive fundamental investigation 
of heat-resisting alloys and ce'amif materials has also 
been sponsored by this agency. This work is closely 
correlated with the engineering studies now in prog- 
ress. 

/ 
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SUMMARY 

Tlie welding research program comprised 2?* lab- 
matory projects. II of which were concerned with 
the ucldm,!.; of onlnance ;ttul aircraft materials, and 
I.r> with ship welding and welded stet'l ships. 

A large part of the programs of two of the prin- 
tipal projects mi the welding or ordnance material 
dealt with the development of methods for welding 
low-alloy homogeneous armor and the development 
of a welding electrode which was substituted satis- 
fa<lorily for the high niekcl-chromiuni alloy com- 
monly used for welding of armor. This development 
provided not only a mean^ for saving large amounts 
of tihkel and chromium hut also an electrode which 
produced welds with ballistic properties comparing 
favorably with those made with the high nickel- 
chromium types. Details of the properties and per- 
formance charaneristics of this electrode were 
worked out «> that Army Ordnance Department 
sjK'cifications could be written. In the later stages of 
World War li, work was done also leading to the ap- 
plication of this type of electrode to the repair weld- 
ing of cast armor. Also studied at the request of the 
Army Onlnance Department was the low-tempera- 
ture ballistic performance of welded armor plate in 
connection with the Canadian CUM Test Program. 

Fundamental studies o» electrode coatings and the 
causes of weld metal porosity and imclerbcaci crack- 
ing were begun, hut not completed. Under this proj- 
ect, however, an electrode was developed for the 
welding of high-strength structural steel such as 
is used in the fabrication of mobile gun mounts and 
other ordnance material. 

A direct explosion test was developed which holds 
promise for the easy and economic evaluation of 
welded armor and of prime plate. Other projects 
carried out dealt with the development of a ceramic 
Iwrkup »trip, the effect of oxygen cutting on the 
weldability of armor plate, residual stresses in wcld- 
metsts and their relief, and the welding of face- 
hardened armor. 

Five pu)jem concerned with investigating the 
weldability of aUoy steels provided procedures and 
data of considerable value to imlusm in the im- 
provement of welding teclmicpies. 

Sjiot welding and Hash welding preuev«.'» were in- 
vestigated to provide information on which wider 
application of these fabricaiing methods could lye 
based.  Nondestructive testing mcinods for  welds 

made by these methods were investigated also under 
two projects. An interpretation of radiographs of 
spot welds which was developed under one of these 
investigations was adopted by the Bureau of Aero- 
nautics, Navy Department, in a specification. 

The research program to investigate the causes of 
failures of welded ship structures atul to develop 
remedial measures was sponsored by the Coast 
Guard, the Maritime Commission, and the Navy 
Department. It was still in progress at the close of 
the war and is being continued under direct Bureau 
of Ships contracts. Studies completed, however, com- 
prised investigations of welding stresses in labora- 
tory scale specimens as well as the measurement of 
those in actual ship structures during fabrication and 
dining voyages. Two investigations were completed 
also on the effect of combined loads on the behavior 
of ship steel. Continuing projects include studies 
of the weldability and metallurgical n tality of steels 
for hull construction, the effect of in ,»lies and struc- 
tural discontinuities on the behavior of ship steel, a 
correlation of laboratory tests with full-scale ship 
plate fracture tests, and the fatigue of ship welds. 

FOUNDRY MATERIALS AND PkOCESSES 

In order to assist in alleviating overloaded facili- 
ties for the manufacture of cast steel products and to 
make available a portion of the large productive 
capacity of the malleable iron industry, an investi- 
gation of the properties, particularly the low-tem- 
perature properties, of malleable iron for use in 
ordnance materiel was carried out at the request of 
the Office of the Chief of Ordnance. The results of 
this investigation provided data upon which the 
substitution of malleable iron for cast steel could 
be based. 

As in the case of malleable iron, it was believed 
that steel castings might to some extent replace Corg- 
ings and thus relieve the pressure on forging Ifacili- 
ties. Therefore, a research program on the cenirif- 
ugal casting method was carried out. This program 
comprised a survey of the possibilities of th*, method 
and the research nc-^ds, preparation of a bibliography 
on centrifugal casting, study of the heat flow in 
metal molds, study of mathematics underlying the 
process, and experimental work to develop and ex- 
tend the process to the production of ordnance 
materiel. The methods proved successful for the 
experimental production of trench mortar barrels, 
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recoil cylinders, and other applicattops, and were 
applied in production. 

Precision casting methods were investigated also 
to ease the demand on forging and machining facili- 
ties. As a Jesuit of this work, the process was adopted 
by Watervliet Arsenal, the Naval Research Labora- 
tory, the Winchester Anns Company, and others, 
for the production of war materiel such as intricate 
parts for artillery and small arms mechanisms, and 
for other applications which required an extensive 
amount of hand work in thvüvproduction. 

At the request of Watertown Arsenal, two refrac- 
tory problems were solved. They involved the de- 
velopment of a substitute for siilimanite in pouring 
ritigs and the development of an acceptance test for 
pouring box refractories. 

EXAMINATION OF ENEMY MATERIEL 

Captured enemy materiel was examined in order 
to determine significant changes in the composition 
of materials which might indicate impending short- 
ages in enemy supplies and in order to advise the 
Armed Services, the Foreign Economic Administra- 
tion, the investigators on the various Division 18 
research projects, and industry of enemy develop- 
ments that appeared to offer improvements or alter- 
natives in our production or military products. 

This project supplemented the work of the Armed 
Services and was conducted in dose cooperation with 
the Army Ordnance Department Collection Center 
at Aberdeen Proving Giound, the Naval Technical 
Air Intelligence Center at Anacostia, and the Air 
Technical Service Commarul at Wright Field. In 
the 215 topical reports issued, 794 individual samples 
or shipments of diverse nature were covered, ranging 
from aircraft engines to machine guns. 

This project brought to the Armed Services the 
nation's specialists on materials and their produc- 
tion and made available many of the nation's indus- 
trial laboratories for special advice and service. 

MISCELl 4NEOUS MATERIALS 
FOR WAR 

Under this classification are grouped a number 
of investigations relating to studies of materials used 

for miscellanenus instrumentalities of warfare not 
included in the above-mentioned groups. 

At the request of the Office o« the Quartermaster 
General, several investigations weic undertaken. 
These comprised the development of noncrilical 
fused inorganic coatings foi steel canteens and cook- 
ing utensils, the dc dopmeni of plated steel flatware 
for military use, a study of the proper materials for 
use in a variety of products required by the Quarter- 
master Corps, investigation of methods of camouflag- 
ing mess gear, and the evaluation of the corrosion- 
resiiting properties of an alloy that had been sug- 
gested for qnariermastcr's items. 

The properties of a number of miscellaneous 
materials were also investigated, These projects in- 
cluded a compilation of the low-temperature proper- 
ties ol metals, the behavior of metals under rapid 
rates of strain, and the effects of impurities on the 
ferromagnetism of nonferrous alloys used in instru- 
ments. 

Although most of the problems involving the con- 
servation, substitution, or processing of various ma- 
terials were sponsored by WPB, several NDRC re- 
search ami survey projects in this field were con- 
ducted at the request of the Armed Services. The 
survey projects comprised a comprehensive study of 
the industrial applications of chromium plating to 
provide a basis for research on the ttse of chromium 
plating in war materiel, an appraisal of a proposed 
investigation on rivets and rivet steels, a study of the 
use of rare metals in eiectr ical contacts and the pos- 
sibility of making substitution« of less critical metals, 
and a study of methods of reclaiming leuid-bearing 
copper-alloy scrap for rt'-usc. The research investi- 
gations relating to conservation and substitution and 
processing comprised an investigation to develop 
heat treatment* for the National Etttergency steels so 
that these steels could be utili/ed fuläy irr ordnance 
rmueriel, a study of the bardenability of cast alloy 
steels which provided data of wide applicability irr 
the utilization of alloy steels to attain high strength 
and toughness, and an investigation of the accept- 
ance tests for plain carbon steel forgings in an at- 
tempt to provide information of value in the prep 
aration of specifications for ordnance forgings. 
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THE GREATEK part of the NDRC work on aircraft 
materials was concerned with studies of the use 

of aluminum and magnesium alloys, principally in 
sheet form. When the aircraft production program 
was announced early in 1942, it was obvious that, 
in order to secure the most effective use of the then 
commercially available materials, it would be neces- 
sary to secure fundamental information on their 
properties both in service and during processing. 
The program of this part of the work of Division 
18 was orgarued to secure  this  information as 
quickly as possible. At the same time, projects were 
established to investigate the use of the beryllium- 
aluminum alloys for aircraft engine parts, the use 
of substitute materials for aircraft control cables, 
and the use of mechanical means for the improve- 
ment of the properties of aircraft materials by sur- 
face pretreatments. The results of this latter proj- 
ect, as the successful use of the surface pretreatment 
was demonstrated, was applied widely by both the 
Army and Navy and by their suppliers for many 
ordnance and naval applications other than air- 
craft. All this work was coordinated with the work 
of  the  National  Advisory  Committee  for  Aero- 
nautics and the Office of Production Research and 
Development of the War Production Board which 
were supporting i'xten»ivt'  research  programs  in 
the field of light alloys. 

1.2 ALUMINUM ALLOYS 

12•, Preliminary Surveys 

Before planning & detailed experimental attack on 
a suggested problem, a preliminary survey usually 
was made by the. War Metallurgy Committee, not 
only of the literature but also of unpublished infor- 
mation which normally would not have been avail- 
able but which, in the spirit of cooperation engen- 
dered by the war emergency, was freely supplied by 
industry. Such compilations of available dat? on 
aluminum  alloys included Survey  Project SP-17' 

» SP number» and N'RC numbers refer to the Division 18 
finijert number*. Listing!, of the titles of these with onntractual 
nformation arc presented in Appendix G and Appendix F. 

rcspccti%ci). 

(NA-ll9)>
b The Effect of Impurities in Aluminum 

Alloys,4 SIM 8, Fatigue and Impact Character- 
istics and Notch Effect in Tension of Artificially- 
Aged Aluminum Alloys;'' and SP-I5 (NA-137), 
High-Temperature Properties of Light Alloys."-7 

The problems involved in the use of aluminum 
and magnesium alloys at elevated temperatures be- 
came more pressing late in World War II, and ex- 
perimental work on them was taken up under 
NACA and the Army Air Forces' sponsorship as 
NDRC was in the process of bringing its research 
program to a close. 

!52 FORMING OF ALUMINUM 
ALLOY SHEET 

The aircraft industry forms a vast variety of 
structural parts out of strong aluminum alloy sheet 
using a great variety of forming processes, tools, 
dies, and me'^ods. These processes for forming 
aluminum T/hf sheet vary from simple stretching, 
simple bending etc., to highly complex ones in 
which the metal has to undergo plastic deformation 
in many directions, is thinned down it» some places, 
thickened in others, and subjected to various 
stresses in the operations. These processes have 
often been empirically worked out for commer- 
cial material in a condition of high plasticity, 
greater strength being later given to the formed 
part by suitable heat treatment. 

However, still stronger parts can be made by 
forming cold-rolled sheet or preheat-treated sheet. 
Moreover, several stronger alloys, each with dif- 
ferent cold rolling and heat treating characteristics, 
have become available recently, and no one knows 
when still further strides will be made along the 
path of proviiUng still stronger alloys. As fast as the 
stronger alloys become available and enough is 
known about their uniformity and reliability to 
justify their use, the aircraft designer wants to 
specify their use. The production engineer then 
must form them and is confronted with the fact 
that the stronger alloys are, as a rule, less ductile 
than those he has been forming heretofore. He then 

>> Numbers in parentheses refer to the Armctl Senke control 
numbers. The Armed Service titles of these as well as the 
Division 18 projects pertaining to each arc listed in Appcr 'ix £. 
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has ui iiiul out whether his previous processes, 
methods, too! dies, etc, will serve or whether they 
must he modified. He may hud that some odd- 
shaped part wanted by the designer cannot be made 
at all from the new alloy, in which case there must 
IK- time out for redesign. When a new part is made 
in the shop, dies are made for it. If the new alloy 
breaks instead of forming properly, or springs back 
more or less than was anticipated, the dies have to 
be remade. 

Predetermination of the suitability of a given 
alloy or a given lot of an alloy for plastic forming, 
or of the applicability of a given process and tech- 
nique for forming a new part from a known alloy 
would l>e a god&cnd. 

Si'p.vEt off AVAILABLE INVORMATION ON 

pABRtCATINC  ALUMINUM  ALLOYS 

To collect and correlate ihs information avail- 
able on the forming of aluminum alloys. Project 
NRC-43 (NA-12«»). Correlation of Information 
Available on the Fabrication of Aluminum Alloys, 
was established at the Case School of Applied 
Science in January 1943. An exhaustive survey of 
plant practice showed many gaps in the fundamen- 
tal knowledge necessary for the effective use of 
these alloy». Therefore, at a later date, the project 
was extended uv penuit invtsugiaion of the more 
hnportam forming ojKrrations in the laboratory. 

The initial objective of this project was to as- 
semble and to correlate all the available informa- 
tion concerning the materials and methods used in 
typical and critically forming parts so that the 
"know-how" tould be made more readily available 
to parts producer*, particularly the sub-contractor» 
who were new to this work. 

A group of field engineers gathered all the »pedfic 
information in the aircraft plants on materials used, 
each stip of tabritation, kinds of dies, machines, 
lubric.t its. speeds, treatments, rejections, etc. This 
information was then broken down and correlated. 

A system of classification, which was primarily 
dependent on the geometry of the finished part, 
was evolved. However, many parts of essentially 
the same geometry may be made in several ways on 
different equipment Also, parts which at first ap- 
pear to IR« eftsrniially alike may prove to be suf- 
Scicntly diflerem in detail to cause them to have 
separate clavsificatiom and different fabrication 
mclluHls. The classification consists of the follow- 
ing parts: 

I Singly curved parts. 
II Curved channels, 

III Contoured Hanged parts. 
IV Double curvature smoothly contoured parts. 

V Deep recessed parts. 
VI Shallow recessed parts. 

VII Minor forming features. 
VIII Tubing. 
Over 100 types of parts were covered in detail, 

and the correlations show that several noteworthy 
conclusions can be drawn concerning: 

1. Preferred forming method for each type of 
part. 

2. Preferential use of one- or two-step forming. 
8. Comparison of different methods on similar 

parts. 
4. Preferred material for particular types of parts. 
:». Maximum strains during forming. 
6. Some engineering analysis of several forming 

operations. 
Ikcause of the nature of this phase of the work, 

essentially a survey to find and report facts, it is not 
feasible to attempt a summary of the results other 
than to state that the volumes of reports provide a 
veritable library of forming information an<i have 
proved useful to both the engineering and the shop 
personnel. The following titles of these reports in- 
dicate their scope: 

Section I, Classification and Analyiis of the Funn- 
ing of I'ariaus Parts, Volumes IK ami I!." 

Section II, Examples of Fabricating Individual 
Parts, Volumes I10 and 11." 

Section III, Summary, Contents, and Index of 
Sections I and II.1'- 

To supplement its series of publications on pro- 
duction methods, the Production Aids Unit of the 
Bureau of Aeronautics, Navy Department, repub- 
lishcd these reports for wide distribution to aircraft 
fabricators. 

PROPERTIES OF NKW ALUMINUM ALLOYS 

The initial results of the work emphasized also 
the need for information on the forming limits, 
properties, etc. Consequently the second phase of 
work, was, at the requesi of the aircraft industry, 
centered on the new high-strength alloys. The ac- 
cumt'laied data are given in Section IV of the series 
of reports on the project which cover 24S-TÖ sheet,13 

24S-T8 extrusions.'8 R-301 sheet,18 XA75S sheet,'4 

and 75S sheet.'8 Specific information is grouped 
under several headings for each alloy, these includ- 
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iiig (1) Mechanical Properties—Metallurgical Rela- 
tions, (2) Mechanical Properties—Design Data, (3) 
Physical and Chemical Properties, (4) Production— 
J'onning, (5) Production-Other than Forming, (6) 
Corrosion and Surface Treatment, and (7) Bibli- 
ography and Additional Pertinent Information. 

This survey of properties of new aluminum al- 
loys relates to alloys of higher static yield strength 
and lower ductility than those in past use and still 
in large current use. Therefore, the corrosion, stress- 
corrosion, fatigue, notched fatigue, and corrosion 
fatigue behaviors are discussed where the data were 
available. Since the strong alloys can be, and almost 
universally are, clad with a corrosion-preventing 
layer of pure, or nearly pure, aluminum, major 
corrosion troubles appear to be preventable. 

The fatigue, and especially the notched fatigue, 
behaviors are insufficiently known. There is evi- 
dence that in some of the new alloys fatigue resis- 
tance is not better than that of the alloys used 
previously, although static strength is materially 
increased. This means that the service of aircraft 
parts needs to be examined to see whether a de- 
sign jimed to utilizf: the improved static strength 
neglects  the possibility  that  fatigue failure  will 
otrur. If so, design should be on a fatigue basis, 
anc the apparent virtues of some of the "strong" 
alloy»; might prove an illusion. Extensive fatigue 
and notched fatigue testing to esiablish which of 
the alloys afford the best compromise between static 
and fatigue strengths is in order, as is the refine- 
ment of design to avoid stress concentrations, the 
absence of which is not particularly material from 
the static |)oint of view but very important from the 
fatigue point of view. In this way the use of the stat- 
ically strong alloys without overtaxing their limited 
ability to resist fatigue can be further developed. 

The series of reports on properties of new alu- 
minum alloys serves as a detailed handbook for 
engineers and shopmen, collecting the known in- 
formation pertinent to the application and use of 
these alloys for aircraft structural components. Be- 
cause of the nature and magnitude of this work, 
it serves as a ready cross reference for either the 
comparison of materials or the selection of a suit- 
able material for a particular application. 

FORMABILITV INVESTIGATIONS AND DF.VELOI'MENT OF 

TEST METHODS 

The third phase of this project was concerned 
with laboratory studies of the actual formability of 

several aluminum alloys used in aircraft construc- 
tion. This involves fundamental considerations of 
the plastic flow of these materials under widely 
varying stress-strain conditions, particularly with 
respect to the more complex stresses, and with 
strain gradients. 

Beginning with the study of simple bends and 
the allied operations of stretching, both of which 
subject a uniform and symmetrical metal section to 
a combined tensile load and bending moment act- 
ing in the plane of symmetry of the cross section, 
the first step in the procedure is the accurate analy- 
sis of the stress conditions existing throughout a 
given operation and the correlation of this with the 
strains attained. Thus, when the exact conditions 
are formulated mathematically and checked practi- 
cally on special equipment, the results should pro- 
vide a basic engineering tool enabling the predic- 
tion of formability. 

In the initial experimental phase of the work, 
preliminary tests and some theoretical analyses of 
the various factors of the problem revealed that 
the relations between the external forces and gross 
movements on one hand and the internal stresses 
and strains on the other were extremely complex 
and that there were numerous factors exerting a 
definite influence on the maximum stretch of the 
tension fiber at the forming limit. For example, it 
is generahy rccGgrii?.ed that a strip or bulky section 
of the aluminum alloy 24S-0 can be bent to a very 
small radius, with a local stretch of the order of 
100 per cent, while on a thin-walled sheet section, 
such as an angle with the outer leg in tension, the 
web or the flange wiM fail when a stretch exceeding 
20 to 30 per cent is attempted. The numerous vari- 
ables were studied and attempts were made to out- 
line a series of tests in which only one or two vari- 
ables would be involved in order to determine the 
relative importance of each. The problem of thus 
limiting the variables "taxed ihe ingenuity of the 
investigators to the limit. They found it rather in- 
triguing that visualizing the fundamental relations 
of an apparently simple group of forming opera- 
tions clearly exceeded their capacity."10 

The reports covering the experimental phase of 
this project. Section V, are as follows: 

Part I, Gennat imroduction^ 
Part  II,  Effects  of Non-Unifr.rm  Stresses  and 

Strains.1*' 
Part III, Stretch  Forming of Angles with  the 

Outer Leg In Tension.1'' 
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Part IV', Fundamentals of Pure Bending of an 
Ideal Plastic Metal under Conditions of Plane 
Stress.1» 

Part V, Simple Bending of Rectangular Shapes 
hy Means of Dies.™ 

I'art VI, Stretching of Rectangular Bars.'" 
Part VII, Experimental Strain Analysis of Bent 

Rectangular Shapes.31 

Part VIII, Combined Bending and Tension of 
Rectangular Bars.™ 

Part IX, Bending of T-SevtionsP 
The results oi this comprehensive investigation 

were useful in the engineering and production of 
aircraft parts. While such infonnaiion apparently 
is of primary significance to the engineer and de- 
signer, it has two very practical potentialities in 
the shop: (1) to predict formability limits of the 
given material, and (2) to apply this toward the 
engineering of forming dies. These objectives, how- 
ever, were not »Uained. since a simple method or 
methods for evaluating formability in the shop 
were not yet developed when the prcject was ter- 
minated in September 1945 because of the demobil- 
i/ation of NURC 

Related projects carried out under War Metal- 
lurgy Committee supervision, but classed as process 
projects and hence under WPB rather than NDRC 
auspices, were NRC-547, Hot Forming of Aluminum 
Alloy Parts, and NRC-548, Forming Propertiea of 
Aluminum Alloy Sheet at Elevated Tempera- 
tures.-'1 Since the stronger aluminum alloys are less 
amenable to cold forming than the weaker ones, 
and, since operating at somewhat elevated temper- 
ature greatly facilitates the forming of magnesium 
(see Section 1.3.5), it was logics! to examine the 
response of the strong aluminum alloys to "levaeed- 
tcmpcraiiire forming. They were found to respond 
excellently. Indeed, at 400 to 450 F, the strong 75S 
aluminum alloy forms as readily as docs soft 24S-0 
at room temperature. Many of the techniques de- 
veloped for magnesium alloys discussed later in this 
report should be applicable to the forming of alu- 
minum alloys. Hot forming of the strong aluminum 
allots is being utilised in commercial shop practice. 

Supplementary to the work on the forming of 
aluminum alloys. Projects NRC-51 (NA-I49) and 
NRC-52 (NA-ISÖ), Plastic Flow of Aluminum Air- 
rraft Sheets under Combined Loads, were estab- 
lished at Carnegie Institute of Technology and 
Pennsylvania State College to secure information 
on certain limiting properties of these materfais. 

Predetermination of ability for plastic forming 
is no easy matter, as is evidenced by experience in 
attempting to evaluate the deep-drawing steels. 
However, it docs seem possible to acquire enough 
■tnderstanding of the fundamentals of plastic de- 
formation and of forming processes to decrease ap- 
preciably the amount of cut and try necessary, 
even though considerable must remain. 

The first approximation to a criterior. of ability 
for plastic forming, and the one on which the 
engineer has to rely in the absence of better infor- 
mation, is the elongaiion determined by the ordi- 
nary tension test. However, some alloys, quite 
ductile by this criterion, will not vtand much plastic 
deformation of certain typesk while other less duc- 
tile ones will stand an astonishing amount. 

In must types of plastic forming, the metal is 
under biaxial stress, not uniaxial as in the tension 
test. Biaxial stress can be produced by pulling on 
the ends of a hollow cylinder while it is simultane- 
ously being stressed by internal hydraulic pressure, 
but this method is not applicable to sheet. 

The initial phase of the research program was the 
development of a series of laboratory tests capable 
of evaluating those plastic properties of importance 
in sheet metal forming operations. Particular em- 
phasis was placed on the plastic behavior of sheet 
metals under a wide variety of strain combinations. 
This resulted in the development of several tests, 
which in combination yield a great deal of useful 
information concerning the formability of a par- 
ticular material. These tests are as follows: 

Circular Hydraulic Bulge Test.2* A bulge method 
was developed in which a round or elliptical bulge 
or bubble is blown by hydraulic pressure from a 
sheet anchored at the periphery. Previously, a cross- 
hatched grid is placed on the sheet by photographic 
methods. As the bulge grows, the distortion of the 
grid is measured and the limiting deformation at 
fracture is noted. From these data and from the 
thickness at the places where uniform deformation, 
not necking down at fracture, has occurred, the 
stress can be calculated. This test had been used to 
some extent previously to study the ductility of 
sheet materials, but it was not well understood. In 
this investigation it was adapted to the study of 
streas-strain relationship in the plastic range and 
used to obtain stress curves under balanced biaxial 
tension, the state of stress being set up in the dome 
of a circular hydraulically formed bulge. 

Elliptical Hydraulic Bulge Test.-5 This test is a 
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modification ol the circular hydraulic bulge test. 
By altering the shape of the opening over which 
the bulge is blown from circular to elliptical, it is 
possible to set biaxial tensile strains, the ratio of 
which depends on the ellipticity of the opening. 
Use of the elliptical opening provides strain ratios 
comparable to those obtained in many practical 
forming operations. 

Microcompression Test.-7' To overcome the in- 
trinsic difficulties in compression testing of sheet 
materials, namely, the tendency for the ordinary 
specimen to buckle, a test was designed in which 
a specimen 0.04 in. by 0.04 in. by 0.12 in. is em- 
ployed. This test permits the stress-strain curves in 
compression to be determined for sheet materials 
of 0.040 in, thickness. 

Microtension Test.-* This test w« developed 
primarily to check against size effect in the micro- 
compression test and utilizes a specimen of 0.04 in. 
by 0.04 in. corresponding to that of the microcom- 
pression specimen. It was possible to demonstrate 
by means of this test that size effect is absent in the 
microcompression test described above for commer- 
cial aluminum aircraft sheet. In the course of de- 
veloping these tests, a study was made of the stress- 
strain relationship for Alclad 24S-0 and 24S-T sheet 
under combined stresses. It was found that these 
materials obey a generalized stress-strain relation- 
ship in the plastic range. 

Direct Tension Tests.-a In addition to these tests, 
two direct tension tests were developed which pro- 
vide complementary information to that obtained 
in the above itsts. In those types of plastic flow 
where simple stretching of wide sheet is concerned, 
the uniform stretch, before necking begins, is a 
criterion of behavior. In other types of flow, such 
as bending over a sharp radius, the local deforma- 
tion over a very minute gage length, which occurs 
during the necking process, is the criterion. The 
standard ASTM tensile specimen for sheet does 
not distinguish between these two types of flew. 
The uniform stretch is hampered by the proximity 
of the wider grips (the piece is not long enough), 
and the local deformation occurs over too great a 
length (the piece is too long). To separate these 
factors, a long specimen 2 in. wide by 12 in. long 
in the gage length and a short specimen 12 in. wide 
by 1 in. long were used. The first specimen yields 
data representative of that obtained when stretch- 
ing over long gage lengths, and the second, data 
representative of that obtained when stretching un- 

der conditions of severe lateral restraint. Tests us- 
ing these two tyjK-s of specimens were made lor 
Alclad 24S-0 and 24S-T, and flow curves in simple 
tension were determined for these materials. 

When the series of tests just described became 
available, it was deemed advisable to apply the 
tests to a study of the ductility at room temperature 
of the important aluminum sheet metal alloys. This 
study was carried out for the following materials; 
24S-0, 24S-T. 24S-RT 2'JS-T81, 24S-T8G. 758-0. 
7.5ST, R301 0, RSOl-W, R301-T. All sheets tested 
were 0.04 in. thick and in the clad condition. As 
a supplementary investigation, the effect of aging 
at room temperature on the properties of 75S in 
the circular bulge test was studied. 

The detailed results of this series of tests are 
covered in Parts II and III of the final report for 
the project.-7'-8 Certain regularities were observed 
which can be summarized as follows: 

1. Uniform elongation is strongly dependent 
upon the method of loading. Loading in the cir- 
cular hydraulic bulge test favors high uniform 
elongations in the annealed materials in which it 
is possible for unstable plastic flow to occur. 

2. In the circular bulge test, the behavior of the 
aged materials where instability docs not occur 
varies with the stress-strain characteristics of the 
material being tested. For very high ratios of yield 
strength to tensile strength, the uniform elongation 
in the circular bulge test is considerably greater 
than in simple tension. On the other hand, fol- 
lower yield strength-tensile strength ratios, the uni- 
form elongation is about the same or somewhat less 
than in simple tension. 

3. For annealed materials, the uniform elonga- 
tion in the circular bulge test is always greater than 
in the elliptical bulge test. In the heat-treated 
materials, this difference is still present but is much 
less pronounced and, in some cases, the results from 
die tests are quite iimilar. 

4. The local reduction of area for the annealed 
tension tests is unaffected by lateral restraints im- 
posed in the wide specimen. In the heat-treated 
materials, however, the reduction of area is con- 
siderably lower in the wide test than in the narrow. 

5. It was found that 75S-W could not be formed 
satisfactorily in the circular bulge test because 
of the strong tendency for the formation of strain 
markings similar to Liider's lines which lead to 
premature failures. 

In order to provide a more rational basis for die 

/ 
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interpretation and utuierstandinK of these results, a 
tnathcinaiicai analysis of some of the conditions 
leading to unstable phtstic flow and rupture was 
tarried out. The role of these factors in estabiishing 
forming limits is discussed in Part !V of the final 
report on the project.29 

Inasmuch as the most profitable application of 
data on forming limiss tan be realized only if some 
previous knowledge of the critical strains arising 
in forming a part of given design is available, con- 
«liderabie attention was devoted to this problem. 
Analyses were developed for the strain distribution 
in a circidar hydncuiically formed bulge and an 
eüipticai hydraulically formed bulge, these parts 
representing pure stretching. The problem of com- 
bined stretching and drawing was next considered 
ami an analysis derived for a circular cylindrical 
cup with a spherical bottom.30 Good agreement 
with observed strain distributions was obtained 
with all these solutions. 

These «nethods allow a better evaluation of the 
plastic behavior of different aluminum alloys in 
dilicrent conditions of cold work or heat treatment. 
With a background of experience in ;hc forma- 
biUty of, and die design for forming, a few com- 
mercial alloys, the way in which a new alloy will 
ttehave under conventional forming methods and 
existing dies couid he predicted approximately 
from the long and short tensile specimens and the 
bulge lest data. 

However, if a new part has to be made, even 
these data on forming limits may lie inadequate, 
and the best guide will be the "know-how" accumu- 
lated from experience with more or less analogous 
parts with similar ty{>es of defonna'ion. 

m     Casting of AluHunum>ll€?yIImni 
Alloys 

A decade or so ago, tests of some small forgings 
and castings ot aluminum alloys containing 20 to 
.H5 |KI cent of beryllium indicated interesting prop- 
erties, and rather elaborate plans, which never 
maierialüed, were made for relatively large-scale 
prcducuon of sheet and forgings. Sporadic experi- 
ment» were carried on thereafter, both by producers 
of beryllium and by producers of aluminum. A 
particuiar aim. desired for the aircraft service, was 
\hr |>roduction of sound alloys of this type, either 
cast or forgtd in a site suitable hn pistons of air- 

craft engines. Considerable commercial effort along 
this line produced nothing but a succession of fail- 
ures and a belief among those who had worked on 
the problem that the alloys were not amenable to 
processing in the size required. Others were not 
convinced of this and argued that there was a 
possible chance that more exhaustive experimental 
work would show how processing might be accom- 
plished. 

Because the properties that would be secured if 
the alloys could be processed were so attractive, 
the Bureau of Aeronautics, Navy Department, de- 
cided to explore this chance. Project NRC-7 
(NA-100) (AC-4), Beryllium-Aluminum Alloys for 
Engine Parts, therefore was established at the 
National Burea« of Scandards, everyone concerned 
being advised that the prosjiects of success were 
very remote. 

Much careful work, even trying out methods such 
as not only melting in vacuum but even pouring 
in vacuum, led to die conclusion that the com- 
mercial investigators were quite correct in their 
opinions that the alloys are not amenable to proc- 
essing. Moreover, the reason for this was estab- 
lished as being the long range between the 
beginning and end of solidification which prevents 
adequate feeding and, therefore, on first freezing, 
produces a mass full of shrinkage voids and a 
matrix that will not withseand forging to close the 
voids. Only the casting of a very thin layer followed 
by another very thin layer, and so on, offered any 
possibilities, and no technique was found by which 
this solution could be utilized successfully. Various 
alloying additions were tried with the idea of trying 
to reduce the long freer ng range, but none were 
successful.31 

It became obvious that the chances of overcom- 
ing the difficulties were so small and so great an 
amount of work would be required to produce 
sound masses of the size wanted, if it were ever 
[jossiMe to produce them, that the effort would be 
far better jpent on more practical war problems. 
The project, therefore, was terminated. 

1 ■SA    Needs for Research on Aluminum 
Alloys 

Late in World War II, at the tcquest of the 
Committee on Materials Research Coordination of 
NACA, a survey was undertaken to determine the 
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research needs of the aircraft producers with re- 
spect to aluminum alloys. Although Project SP-80, 
Suggested Research or. Aluminum Alloys from 

I Members of the Aircraft Industry, was completed 
1 after the close of the war, the report3- outlines the 

problems that still existed. 

Indexing of Division 18 Reports 
on 

1.2.5 

An index-''1' of the Division 18 reports on aiumi- 
num alloys was prepared by the Research Informa- 
tion Division of the War Metallurgy Committee. It 
gives a subject list of the various projects with the 
reports issued on each, a brief abstracf of each report, 
and a subject index of the reports. It is believed that 
this index will enhance the usefulness of the many 
reports on the subject. 

|j 

I j.l 

MAGNESIUM ALLOYS 

The very slight commercial use so far made of 
magnesium alloy sheet naturally portends a lack of 
knowledge of its possibilities and limitations to a 
degree even greiter than exists for the more widely 
used aluminum alloys. Mcreover, magnesium has 
problems of its own not present in aluminum. The 
magnesium crystal is not cubic but hexagonal, and 
this involves the possibility of directional differ- 
ences in magnesium sheet. Also, the hexagonal crys- 
tal is less suited to plastic deformation than if the 
cubic crystal, so that magnesium alloys as a class 
cannot be subjected to severe plastic deformation 
at ordinary temperatures but must be warmed con- 
äidcrabiy in order to stand even a reasonable 
amount of such deformation. 

While it may be that the corrodibility of magne- 
sium alloys has been overemphasized, some do 
corrode badly under certain circumstances, and 
attempts to dad them with a protective metal layer 
analogous to that used on clad aluminum alloys 
have not been commerdaliy successful The possi- 
bility of failure of certain magnesium alloys as a re- 
sult of stres? corrosion has come recently to the fore. 

Current magnesium alloys arc rather notch sen- 
sitive, and their static and fatigue strengths are, 
even on a strength-weight basis, little better, if any, 

than those of aluminum alloys. 
Thus, a multiplicity of unknown or inadequately 

known factors must be taken into account when 
magnesium sheet is proposed for aircraft use. 

However, enough possible aircraft uses were in 
sight in which it might be at least a competitor 
with aluminum to warrant a comprehensive study. 
Moreover, the existence of adequate production 
facilities for making die metal was an added spur 
toward obtaining a true evaluation of its proper 
position as an engineering material. 

In mid-19'12 two projects were established to 
investigate the properties of commercial magnesium 
alloys—one dealing with mechanical properties and 
heat treatment, the other, with fatigue properties, 
Subsequently the program was extended to include 
studies of the formability and deformation charac- 
teristics of magnesium alloys. In March 1943 it 
became apparent to the members of the War Metal- 
lurgy Committee Project Committees for these 
projects that an independent and comprehensive 
study of the stress corrosion of commercial magne 
slum alloy sheet should be made. As a result of this 
study, a project was established to develop new fab 
rication methods to minimize «■tress corrosion in 
commercial alloys and to develop new alloys less 
susceptible to stress corrosion. 

um 13.2 Mechanical Properties of 
Alloys 

At the request of the aircraft industry, the War 
Metallurgy Committee initiated &r. establishment 
of Project NRC-21, Properties and Heat Treatment 
of Msgnesium Alloys, at the University of Cali- 
fornia. Subsequently, the Bureau of Aeronautics, 
Navy Department, endorsed this project and ac- 
tively cooperated in its prosecution under their 
control number NA-I44. The objectives of this in- 
vestigation were the determination of the effects 
of size and notches on the mechanical properties 
of commercial magnesium alloys for aircraft and 
combat vehicle use, the evaluation of the damping 
properties of these alloys, and an investigation of 
heat treating processes with a view to the develop- 
ment of superior properties for these alloys. After 
the fust year of study the program was extended 
at the suggestion of the producers of nagnesium 
to include studies of the notch sensitivity of new 
alloys in sheet, strip, cast, and extruded forms. 
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HLptrxn ov Si/r UPON TENSILE I'KOPKRTIFS 

m SI'K.MMKN«. or MACNKSIUM Ai.i.fity SHEET
8
* 

FOUI magnesium alloys (IKXIJ the hard-rolled and 
annealed 6^% Al. ^% In alloys and l\fa% Mix 
alloys) were investigated for the effect of size on the 
tensile properties of sheet. In general, the material 
investigated was within the manufacturer's stated 
specifications. 

The tensile strength, yield, and percentage of 
elongation in a 2in. gage length show very little 
si/e effect. The reduction at the fracture section 
reveals that the percentage of reduction in area 
and the true breaking stress decrease as the width 
increaies. From the nominal tensile properties ob- 
tained, it does not apfK-ar that a true size effect 
exists for the materials investigated. However, nar- 
row specimens exhibit a greater percentage of re- 
duction in width than wide specimens, which 
indicates that greater local necking down occurs 
in the narrow specimens. The percentage of elonga- 
tion in 2 in. does not show any definite variation 
with si/e. 

The difficulties encountered in industrial pr^c- 
eices are probabiy associated more with gripping 
and load application than with a size effect of the 
material. 

NOTCH SENSITIVITY OF MAON&HIUM Aixovs353" 

In the order of increasing sensitivity to a reamed 
hole, the alloys tested were hard-rolled I I/J% Mn al- 
loy, annealed li/je% Mn alloy, hard rolled fii/2% Al, 
34% In alloy, 245-1' aluminum alloy, Alclad 24S-T 
ab.nninum alloy, and annealed ''d/V',', Al, ■%% Zn 
magnesium alloy. 1'hc annealed and more ductile 
magnesium alloys arc more notch sensitive than the 
hard-roiled and less ductile alloys of the same com- 
position. For 11/2% Mn alloys, the thin sheets arc 
mose notch sensitive than the thick sheets, but for 
the 6i/2% Al, ^% Zn alloys, the notch sensitivity- 
is invariant with sheet thickness. A large increase 
in sensitivity to the notch nuurs as the width of 
the specimen increases for constant form factor for 
all alloys tested for this effect (both the hard-rolled 
and annealed 614% Al. Yt% Zn alloys and 1 I/J% Mn 
sihys). The tensile strengths of both notched and 
un lotched specimens, based on both original and 
final cross section area, are considerably greater at 
—318 F than at room temperature. For a condition 
of very small ductility (»nncaled 61^% Zn. ^% Al 

alloy at —HI8 F, elongation about 5 per cent, and 
hard-rolled 61/,% Zn, s^"; Al alloy at -318 F, elon- 
gation about I to 2 per cent) the stress distribution 
in a notched specimen does not follow that pre- 
dicted by elastic theory but agrees in general with 
the distribution existing for a ductile material. 
Hence, only a very small amount of ductility is 
required to redistribute completely the stresses at 
the root of the notch. 

The notch efficiencies in tension for American 
Mngnesium Cnrpoiatioii annealed and hard-rolled 
$% Al, 1% Zn sheet alloys and the equivalent Dow- 
mctal   alloys   were   evaluated.   The   notch   used 
throughout this investigation consisted of a single 
central hole in a tensile test specimen, and the 
notch efficiency was expressed as the ratio of the net 
average tensile strength notched divided by the ten- 
sile strength unnotched. As in previously reported 
investigations on other magnesium sheet alloys, it 
was found that the notch efficiency depended upon 
the ratio of hole diameter to specimen width for 
constant width sjiccimens, and the notch efficiency 
depended upon specimen width when the ratio of 
hole diameter to specimen width was held constant. 
The hard-rolled alloys were practically insensitive 
to a notch except for the wider specimens which 
were investigated. The annealed alloys exhibited 
minimum notch efficiencies of about 0.90 for 1-in.- 
widc specimens at ratios of hole diameter to speci- 
men width of about 0.125  in.  As the specimen 
width increased from 1 inch to 6 inches, the notch 
efficiency was reduced from about 0.90 to about 
0.82. These observations arc in agreement with the 
general trends previously reported for other alloys. 

In general, variations in the procedure of pro- 
ducing the hole had little influence on die notch 
efficiency. Variations in drilling speeds and feeds 
had no influence on the notch efficiencies. Drilled 
and reamed holes presented only slightly superior 
notch  efficiencies  to  fhose obtained   by  drilling 
alone. Other factors such as lubrication, drill design, 
and drill dullness were investigated. 

Difficulties owing to the formation of small 
cracks were encountered in punching holes in mag- 
nesium alloy sheet a: atmospheric temperature. 
These difficulties were overcome by punching the 
magnesium alloy sheet at elevated temperatures. 
The optimum temperature at which the highest 
notch efficiency occurs is unique for each alloy. 
Complete data for the optimum punching temper- 
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.»turcs, punch an die design, and clearance were ob- 
tained. Under the best combinations of conditions for 
punching, some alloys exhibited a higher notch effi- 
ciency for punched holes than for drilled holes. 

Standard dimpling procedures always resulted in 
cracking magnesium alloys when the operation was 
carried out at atmospheric temperatures. However, 
all of the standard magnesium alloys may be satis- 
factorily dimpled at elevaa-d temperatures. The 
optimum temperature for dimpling as evaluated by 
the notch efficiency closely corresponds to the op- 
timuiik temperature for punching. Each alloy, there- 
fore, exhibits highest notch efficiencies when dimpled 
at the optimum t(inpevature for that alloy. 

The sensitivity of magnesium alloys to scratches 
is of about the same order of magnitude as the sen- 
sitivity of 24.S-T aluminum alloy, but it is greater 
than the sensitivity of Aldad 24ST. 

The notch sensitivities of extrusions of four mag- 
nesium alloys (61/2% Al, s/4% Zn alloy, li/2% Mn 
alloy, 8i/2% Al, 1/2% Zn alloy, and the 3% Al, 3% 
Zn alloy) in the "as received" condition were in- 
vestigated under conditions of axial and eccentric- 
tensile stress. The notch sensitivities of extruded 
aluminum 24S-T and sand cast magnesium alloy, 
9% Al, 2% Zn, were studied for comparison. 

Extrusions of the 61/2% Al, 3^% Zn alloy, 814% 
Al, 1/2% Zn alloy, and the 3% Al, 3% Zn akloy, like 
aluminum alloy 24S-T, displayed notch strengthen- 
ing under axial tension. The 11/2% Mn alloy 
showed little notch effect, while the 9% Al, 2% 
Zn alloy showed reduction in strength under the 
notch. Notch sensitivity in the "as received" con- 
dition did not correlate with grain size, hardness, 
elongation in 2 in., stress-strain relationships, or 
any of the conventional tensile test data. 

Under eccentric stress, the strength of notched 
bars was reduced greatly. The order of notch sen- 
sitivity of the magnesium alloys studied, namely, 
6i/2% Al, y4% Zn alloy. 3% Ai, 3% Zn alloy, 8i/2% 
Al. 14% Zn alloy. 11/2% Mn alloy and 9% Al, 2% 
Zn alloys in order of decreasing ratio of notched 
strength to unnotched strength, was the same in 
axia! and eccentric tension. However, aluminum 
alloy 24S-T showed greater sensitivity to notches 
under small eccentricities of stress than the 61/2% 
Al. 5/4% Zn alloy, the 3% Al, 3% Zn alloy, and the 
81/5.% Al, i/2% Zn alloy. In the "as received" condi- 
tion, the magnesium alloys are similar to aluminum 
alloy 24S-T in notch sensitivity. 

Within the limits of this investigation, prcstretch- 
ing of extrusions of the (>'/2% ^-^ SÄ% ^n ',"oy- 
l'/2% Mn alloy, and 8i/2% Al, 1/2% Zn alloy re- 
sulted in increased ratios of notched strength to 
unnotched strength. 

While the 81/0% Al, 1/2% Zn alloy extrusions in 
the "as received"' and in the solution heat-treated 
conditions showed notch strengthening, these ex- 
trusions showed reduction tn notched strength on 
aging. For this alloy aged "as received," the latio 
of strength notched to strength unnotched was 
about 0.83, but when aged after solution heat trea* 
ment, this ratio fell to 0.50. In the heat treatment 
study, changes in microstructure were found to ac- 
company change.« in tensile notch sensitivity. 

DAMI'ING CAPACITY OF MAGNESIUM ALLOVS" 

The mean specific damping capacities of three 
magnesium-base extrusions, nine magnesium-base 
sand castings, and seven aluminum-base san/! and 
permanent mold castings were investigated. These 
investigations indicated that inagnesium alloys have 
rather high damping capacities which may be use- 
ful in absorbing energy in freely vibrating systems. 
These capacities were evaluated and compared with 
those of aluminum alloys. The high damping capa- 
city of magnesium was correlated with the forma- 
tion of twins in the material. 

HEAT TREATMENT OF MAGNESIUM ALLOYS
88 

The solution heat treatment and aging of the 
9% Al, 2% Zn alloy were investigated. Solution 
temperatures of 770 F to 775 F were found to give 
the best results. Local fusion occurs in this tempera- 
ture range but does not become harmful unless 
temperatures art higher. Preheating does not pre- 
vent local fusion and is ol' no benefit except in 
overheated specimens. Overheating may be detected 
by the presence of grasn boundary voids in polished 
specimens. Some heats which manifest coarse gram 
sizes, presumably as a result of variations in 
foundry practice, require higher temperatures or 
longer times for solution treatment. 

Direct quenching into hot or cold water from the 
solution temperature results in cracking, probably 
because of hot shortness. If bars are cooled to tem- 
peratures between 715 and 750 F before quenching, 
cracking is avoided. This procedure has been called 
a modified quench. Properties of bars subjected to 
such a treatment are about the same as those of 
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bar* cooled in air according lo the commercial prac- 
tice. After aging, however, tjnenched bars develop 
10 jxr cent greater tensile strength and yield 
strength than bar» cooled sn air. To develop maxi 
mum properties a high degree of solution must be 
obtained before aging. Coarsegrained castings re- 
quire special care. 

Two modes of precipitation of the beta phase 
have iK-en observed, a lamellar type growing from 
nuclei in the grain boundaries and a general pre- 
«ipitatum in crystallographic planes throughout the 
grains. The mode of precipitation does not vary 
with aging temperature. There are indications that 
m rysialli/ation of the matrix accompanies lamellar 
precipitation and that the strengthening effect of 
such precipitation is small. Recrystalli/ation does 
not attend general precipitation, which is mainly 
responsible for age hardening. Less lamellar preci- 
pitation rcsuhs frtwi the aging of bars quenched in 
hot water than from ban cooled in ah or quenched 
in cold water previous to aging. This treatment 
minimi/es the extent of lamellar precipitation and 
yields the liest tensile properties. It is found that 
aging time may be considerably shortened, obtain- 
ing equivalent results, through substitution of 375 
F for the usual aging temperature of 950 F. A new 
heat treating schedule is recommended consisting 
of solution treatment, cooling of the furnace to 730 
F, quenching in boiling water, and aging for 4 to 
5 hour» at 375 F. 

The data given in «he repom cited in the fore- 
going discussion arc of direct value to tkdgners of 
aircraft and military equipment and it is believed 
that they will help to extend the use of light struc- 
tural alloys. 

It was evident in the work of this project that 
the control of grain siu in magnesium castings is 
essential. Work on thin, together with much other 
work on avoidance of microporosity so as to get 
sound castings and sound forging blanks, was car- 
ried on under War Metallurgy Committee suiter- 
vision, but, since the».' projects were classified as 
process research and came under OPRI) rather than 
OSRD auspices, they are not summarised here. The 
OPRD projects were Project NRC-S-ifi, Cast Magne- 
sium Alloys ami Existing Foundry Techniques and 
Praodces, conducted by Battelle Memorial Institute, 
and Project NRC-550, Control of Grain Structure 
atul Its EiTecl on Quality of Magnesium Alloy Cast- 
ings, conducted by the University of California. 

Other OPRD projects on the fabrication of mag- 
nesium were Project NRC-549, Machinability of 
Cast Magnesium and Magnesium Alloy Ingots, con- 
ducted by Battelle Memorial Institute, and Project 
NRC-552, Production and Properties of Mag- 
nesium Press and Hammer Forgings, conducted by 
the Wyman-Gordon Company. 

Fatigue Properties of Magnesium 13.5 

To complement the work on the investigation 
described above. Project NRC-22 (NA-145), Fatigue 
Properties of Magnesium Alloys and Structures, was 
established at Battelle Memorial Institute. The aim 
of this project was not only to determine the 
fatigue properties of commercial magnesium alloy» 
hut also to study the fatigue properties of welded 
and riveted structures fabricated from magnesium 
alloy sheet. The program was revised subsequently 
to include the obtaining of fatigue data on mate- 
rials supplied by Project NRC-67, Physical and 
Stress-Corrosion Properties of Magnesium Alloy 
Sheet, and Project NRC-68, Spot Welding of Mag- 
nesium Alloys. The first of these projects is discus- 
sed in this chapter of the report, while the latter is 
described in Section 6.1.4 on welding. Also included 
in the program was the further exploration of 
promising methods of joining magnesium and the 
obtaining of fatigue data on joints other than simple 
lap joints. 

Static notch sensitivity, discussed in Section 1.3 ' 
and stress-corrosion behavior,  to be discussed in 
Section 1.3.4, tell little or nothing about notch sen- 
sitivity in fatigue or about corrosioa fatigue. 

The unnotched fatigue behaviors of the strong 
(Al-Zn) magnesium alloys are very much alike, and 
in the annealed state these alloys are nearly as fa- 
tigue resistant as the hard-rolled. The H/4% Mn 
alloy, hard-rcllcd, is superior to the other alloys at 
stresses that require more than 100,000 cycles for 
failure. 

With drilled rivet holes, the 3% Al, 1% Zn alloy 
is more notch sensitive than the 61/2% Al, s^% 
Zn alloy or the hard-rolled 114% Mn alloy. 
All are more notch sensitive in fatigue than in 
static tension. But if the rivet holes are filled with 
"vab" rivets, the fatigue strength ;iscs close to that 
of a monohlock specimen. 
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Riveted lap joints failed in the sheet rather than 
through the holes. The fatigue values are not sim- 
ply related to the static values and dider with the 
ratio of static component to alternating component 
of the load, as well as with the alloy, The fatigue 

The heat treaimems developed in Project NRC- 
67 (described in Section l.iA) to prevent static 
stress-corrosion cracking do not materially affect the 
fatigue or corrosion fatigue results, and thus the 
static improvement  is achieved  without   harmful 

strength was much below that of monoblork sped-    effects from the point of view of repeated stress. 
mens. Prediction of behavior, without test, would 
therefore be difficult. Sp'-» welded lap joints failed 
at or near the weld sid i'i fati^ue strength was 
very low, without niu< 'i ;ti(i, „eme among the vari- 
ous alloys tested, 

Joints made by arc welding under helium (Heli- 
arc) were only slightly better in fatigue resistance 
than riveted joints in the 11/2% Mn alloy, but very 
much better in the ('>i/2% Al, 3^% Zn alloy. Fatigue 
strengths of Cycle-Weld joints, made with an or- 
ganic adhesive, came close to the values for Heliarc 
welded joints in the 6i/2% Al, ^% Zn alloy and 
were vastly superior hi the l!/j% Mn alloy. The 
efficiency of a joint that was merely stuck together 
was striking, failure occurring in the metal rather 
than in the joint. However, similar joints made at 
a Jater date by the same firm -vhich made the 
earlier Cycle-Weld joints were inferior, the joint 
separating. This difference probably related to the 
care taken or the neglect shown in cleaning the 

Heliarc-welded specimens appear no more sensitive 
to corrosion fatigue than monoblock specimens. 

Details of the experimental work and equipment 
used are given in three pi ogress reports.'10'I,, ■" 
Generalizations of the principal conclusions reached 
in the final reports4241 ^ are as follows: 

1. An extension of fatigue data on the Gi/2% Al, 
»4% Zn alloy sheet to negative ratios of minimum 
to maximum stress indicates that, for ratios as large 
as —0.5, values for the negative ratios fall on smooth 
curves obtained from positive ratios. 

2. Measured stress concentration factors for 
notche., in the 6t/2% Al, Y4% Zn alloy are lower 
than those computed theoretically. The measured 
stress concentration factor depends on the mean 
load and is lower for high mean loads. It is prob- 
able that high mean loads produce some creep 
which relieves part of the stress concentration. 

$. Studies of the effect of precipitation heat ircat- 
Tiis which were developed to combat static stress- 

joint surfaces before applying the adhesive. The corrosion on the fatigue strength of magnesium 
potentialities of a properly made adhesive joint alloys show that such treatments have very little 
arc vas', and the method deserves intensive develop- efiect Tön the 61/2% Al, y4% Zn alloys. However, 
ment. Ofrcourse, room temperature tpsts do not they lower the fatigue strength of the 3% Al, 1% 
show how much such joints will behave at higher Zn type alloys. These heat treatments do not appre- 
temperatures where some adhesives of this class tend dably alter the corrosion fatigue characteristics of 
to soften, or at low temperatures where most of 
them tend to become brittle. However, static tests 
show encouraging behavior of some adhesives un- 
der extremes of temperature. Once the technique 
of cleaning the mei.ji and making the joints is un- 
der control, high- and low-temperature fatigue 
studies of these joints would be in order. 

Corrosion fatigue tests were made on monoblock. 

the alloys, although they do affect the static stress- 
corrosion limit. 

4. Some tests which were conducted to find out 
whether unusually bad corrosion fal'Vue effects 
might be associated with Heliarc welds indicate 
that these welds do not affect the corrosion fatigue 
strength unfavorably. 

5. Cycle-Welded joints vary widely in strength, 
unnotched specimens, using the solution that was    and the technique of making reproducible joints 
selected for static stress-corrosion testing in Pioject    was not under control in the making of the second 
NRC-67,   (described in Section  1.3.4) as well as    lot tested, 
other solutions. The specimens were allowed to cor- 
rode, stressed or unstressed, both before fatigue test- 
ing and simultaneously with fatigue testing. Natur- 
ally, corrosion  increases the stress concentration 
and decreases the resistance to fatigue. Fatigue <ests 
reveal the presence and effect of conosion before 
corrosion is detectable by static tests. 

ISA Stress-Corrosion of Magnesium Alloys 

One of the greatest drawbacks to the use of mag- 
nesium alloy sheet materials was the failures of 
structures by  fracture of the sheet  through  die 

CONFIDENTIAL 

i 



~—.^jr^'-".'-".'!!^^. J^= 

AIRCKArr 'SJATERIALS 

■ 

mcrhaimm of »ii'c»vcorro»ion craiking. Consider- 
kthlv concern was aroused by the observation that 
»orac commercial magnesium alloy sheet structures, 
under moderate stress and subjected otdy to atmos- 
pheric corrosion, tracked spontaneously. Some of 
she very striking observations were later found to be 
due to assembly methods that disregarded the limi- 
tations of magnesium, owing to unfamiliarity of 
workmen with the behavior of the material, but it 
ivas nevertheless shown that stress-corrosion cvack- 
iriR could occur. 

To bring out the vital problems and determine 
the research needs in the subject of stress-corrosion 
cracking of magnesium alloy sheet. Survey Project 
StM2i An Investigation of the Present Status of 
Magnesium Alloy Sheet in the Aircraft Industry, 
was established in March 1948 by the War Metal- 
lurgy Committee at the suggestion of representatives 
of the aircraft manufatiurcrs. This was an engineer- 
ing survey covering commercial infonnation much 
of which was confidential company infonnauon on 
the limit itiom of msgnestum alloy sheet*1 

The ptincijjid undesirable properties of magne- 
sium alloy sheet for aircraft construction were sus- 
ceptibility to stress-corrosion, low compressivf yield 
strength, extreme notch sensitivity, wide variarions 
betwmi minimum specification values and those of 
the majority of the stock received, tendency for 
mechanics! properties to become lower on*cycHc 
loading, and anisotropy. With respect to these un- 
desirable properties, the 6}^% Al, y4% 7M alloy- 
was the poorest and the H/4% ^'n alloy the best, 
with the 3$% Al, 1% Zn alloy being intermediate. 
Unfortunately, the lJ4% Mn alloy has the lowest 
mechanical properties of ail, although it is the best 
in most other resjM'tts. The British and the Ger- 
man» seemed to have solved their problems by us- 
ing alloys similar to the 11/4% Mn exclusively. 
However, then; are no indications that they used 
magnesium alloy sheet for highly stressed primary 
aircraft structures. 

Of all the objectioits to the use of magnesium, 
its susceptibility to stress-corrosion cracking is the 
one that makes its uxc for critical parts question- 
able. Most of the other weaknesses can be overcome 
by design changes, but it appears that stress-corro- 
sion cannot be overcome by stmctural engineering 
technicpies alone. 

The most probable theory for stress-corrosion 
cracking seemed to be that at ordinary tempera- 

tures stress favors the separation of material which 
would otherwise remain in solid solution. If this 
separated material, or precipitate, comes out on 
grain boundaries, it can be corroded away more 
readily, leaving a branching stress-raising void be- 
tween the external grains, at which cracking may 
start. If, by changing the composition, the material 
can lit kept in solution or if it can be precipitated 
diffusely within the grains where corrosion cannot 
reach it, the material should be immune to stress- 
corrosion cracking. 

In an attempt to cope with the stress-corrosion 
problem, Project NRC-67 (NA-147), Physical and 
Stress-Corrosion Properties of Magnesium Alloy 
Sheet, was established at Rensselaer Polytechnic 
Institute in June 1943. The original objectives of 
the project were to study (1) the variations in the 
physical properties of available commercial alloy 
sheet with a view to reducing the spread in physi- 
cal properties which retard the adoption of this 
material by designers in the aircraft industry, (2) 
the effect of aluminum and zinc on the susceptibil- 
ity of the resultant alloys to stress-corrosion, (3) the 
effect of variations in aluminum and zinc content 
on the mechanical properties of sheet material and 
the possibilities of their improvement by heat treat- 
ment, and (4) new alloying additions and their 
effect on the mechanical properties and resistance 
to stress-corrosion. 

Obvious difficulties arose in the rapid correlation 
of the results of any selected laboratory test for 
propensity toward corrosion cracking and behavior 
under long-time atmospheric corrosion. This was 
handled by assuming that, if a laboratory test were 
made using some chemical solution which produced 
the same type of failure as had occuned in the at- 
mosphere and an alloy or a treatment found that 
would withstand stressing above normal design 
loads in such a solution without failure, that alloy 
or treatment would probably IK- immune in atmos- 
pheric service, it was recognized that the elapsed 
times for relatively early failures in such a test 
might not be commensurate with the probable life 
iu actual service. Therefore, such test could not be 
interpreted quantitatively, though there should be 
some qualitative indication of how different vari- 
ables were influencing the tendency toward, or 
away from, stress-conosion cracking. 

It was necessary, therefore, to make a compre- 
hensive study of methods for determining the re- 
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sisiaiuc   I«»   strcss-curiOHion   and   10  tonclalc   the 
lesnlis ol each method.  This resulted in the cslab- 
iishnicnt of laboratory procedures for investigating 
the problem of improving the physical and stress- 
corrosion  properties.  It was found that  in cold- 
rolled commercial slock a stress relief anneal at 
S50 F lor 2 hours greatly mitigated corrosion crack- 
ing without seriously impairing other properties. 
Subsequently, cold rolling to about 20 to 30 per 
cent reduction followed by a 250 F stress-relieving 
treatment was found to produce metal with a mini- 
mum tendency toward stress-corrosion cracking and 
with mechanical properties at least as good as those 
produced   by   the  earlier,   conventional   methods. 
This afforded a solution to what at first appeared 
a problem most difficult to solve.4" In addition to 
studying various heat treatments, rolling proced- 
ure«, and combinations of the two, the effects of 
various surface treatments on sti ess-corrosion were 
also investigated.47 These included anodic treat- 
ments, selenium treatment, dichromate treatment, 
and shot peening. 

The first phase of the studies of the development 
of alloys with improved mechanical properties and 
icsistance to stress-corrosion involved investigating 
the effects of minor addition agents and minor varia- 
tions in melting practice on the properties of alloys 
of the 61,4% Al, y4% Zn and 5% AI, 1% Zn types. 
In this work, observations were made that agreed 
with those made under Project NRC-70, discussed 
in Section 1,3.6, as to the desirability of pure metal, 
that is, metal presumably free from oxide. Although 
improvements were made in the resistance to stress- 
corrosion of alloys of the 61/2% Al, S/^% Zn and 
5% AI, 1% Zn types, alloys with a new high level 
oi mechanical properties were not developed. 

Studies were then started on the development of 
new alloy compositions with improved properties. 
This was approached by investigating precipitation 
hardening in alloys of widely varying compositions. 
The response to precipitation hardening treatment 
was evaluated through hardness tests. 

It was found that additions of Cd and Ce to- 
gether caused precipitation hardening and that ad- 
ditions of Ag to IVfn-Al-Sn alloys improved precipi- 
tation hardening. Encouraging results were ob- 
tained with Mn-Zn and Mn-Zn-Zr alloys. This work 
was incomplete when the project was terminated 
in October 1945 in accordance with NDRC demob- 
ilization plans. It is being continued under a direct 

contact with the Materials Laboratory, ATSC, 
AAF. Wright Field. Research on the development 
of new magnesium alloys with improved properties 
is also being sponsored by the Bureau of Aeronau- 
tics, Navy Department. 

.3.5 Forming of Magnesium Alioy Sheet 

Another obstacle to the use of magnesium alloy 
sheet in aircraft construction was the lack of knowl- 
edge of its forming properties. Owing to the very 
limited use of magnesium as a material of construc- 
tion and almost complete lack of experience in its 
use in fabricating aircraft, it was imperative that 
data be obtained as expeditiously as possible which 
wotdd be of value to the designers and fabricators 
in determining the possibilities and limitations of 
these alloys. 

At the insistence of the aircraft industry, the War 
Metallurgy Committee initiated the establishment 
of two projects, one dealing with studies of form- 
ability and the other with fundamental informa- 
tion on deformation characteristics. Subsequently, 
these projects were endorsed by the Bureau of Aero- 
nautics, Navy Department, and their control num- 
bers were assigned. 

Project NRC-44 (NA-I46), Formability ol Mag- 
nesium Alloy Sheet, was cstsbiiehed at the Univer- 

sity of California in December 1942 with the ob- 
jective of establishing design limitations and im- 
proving press and deep-drawing techniques. The 
program included the determination of variable 
speed stress-strain characteristics of magnesium al- 
loys, minimum bend radii in rubber-press forming, 
and the limits of the deep drawing of cups. This 
program was later extended to include studies of 
the forming of stretch flanges, beads on fiat panels, 
shrink flanges by hydroprcss forming, and stretch 
forming of contour panels. 

ELEVATED TEMPERATURE VARIABLE 

SPEED TENSILE TESTS
48 

The most imponinit fundamental '.ata for the 
evaluation of the formability of metals is obtained 
from .stress-strain curves. The formability of mag- 
nesium alloy sheet is limited at atmospheric tem- 
peratures, but it is sufficiently improved at elevated 
temperatures up to 700 [•" to make severe forming 

/ 
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feasiblr. At the elevated temperatures, however, 
the strain rate influenceä the plastic flow curve. 
Therefore, in order to provide adequate data for 
the dcu-rtnination of the formability of magnesium 
Alloy sheet, flow curves were obtained for strain 
rates of about 10 inches per minute up to approxi- 
mately 140 inches per minute over the useful range 
of forming temperatures from 70 to 700 F. These 
data ar£ directly useful in determining the sizes and 
dimensions of parts attainable in a number of the 
common forming operations. 

Grid analyses of the specimens yielded data for 
evaluation of the strains obtainable over various 
gage lengths for al! conditions of strain rates and 
temperatures which were studied. These data pro- 
vide the numeiical values that an: essential in de- 
termining minimum bend radii and in determining 
values for streiihing operations in general. 

FOSMINO of BENDS ON THE GUKEUN PRESS
40 

The minimum bend radius for forming straight 
flanges of magnesium alloys at atmospheric temper- 
atures is too great for aircraft forming require- 
ntenis. Elevated tcnqierature forming not only 
provides the possibility of producing adequately 
low minimum bend radii but also reduces the 
springoack. The investigation on bending provided 
the csMtstial design data for lovming straight 
flanges over temperatures from 70 to 450 F for six 
standard magnesium alloy sheet materials. 

EVALIMTIUN Of DEKP-DRAV INC. PROPERTIES AT 
Et-EVATm TEMPERATURES50 

(r' 
fa The deep-drawing properties of annealed 114 

Mn alloy. 9% Al. 1% Zn alloy, and 6i/2% Al, s/4% 
7.n alloy at elevated temperatures were determined 
by deep drawing cylindrical cups. The drawability 
was evaluated in terms of the maximum diameter 
and the maximum cup height which could Itc 
drawn successfully. Effects of punch radius, die 
radius, clearance, hold-down load, punch tempera- 
ture, and die temperature on the drawability were 
investigated. 

At room temperature only shallow draws arc 
|MMs:blr. At JHK) F improved drawability is obtain- 
able, antl at higher iem{>eratures very deep draws 
can IK produced. The highest drawability at eleva- 
ted temperatures was obtained with a heated die 
plate and hold-down (Hid and a walcr-cooied punch. 

On the basis of hot shonness and excessive grain 
growth, the maximum permissible drawing temper- 
atures of about 700 F for the lJ/2% Mn alloy, 850 
F for the 3% Al, 1% Zn alloy, and 800 F for the 
6,/2% A'> T/4% Zn al,oy wcre tentatively estab- 
lished. At these temperatures the maximum JK-'I- 

centage of draws obtained by using a water-cooled 
punch were approximately 671/2% for the H/2% 
Mn alloy, 671/2% for the 3% Al, 1% Zn alloy, and 
65% for the 6«/2% Al, Y4% Zn alloy. 

FORMING SHRINK FLANGES IW THE GUERIN PRESS*
1
-*

8 

Many aircraft parts consist of a flat web with a 
convex flange, generally produced on the Guerin 
press. The forming action consists of bending the 
(lange around the die bend radius and simultane- 
ously shrinking the outer fiber of the flange from 
the original length in the blank to its length when 
the flange contacts the die. The maximum success- 
ful shrink obtainable depends on several factors. 

I. For a 860-dcgree flange, the flange height must 
i«.* sufficiently small to prevent buckling of the flange. 

'arge 2. The die bend radius must be sufficv 
to prevent bend cracking, 

3. The pressure must be sufficiently great to per- 
mit complete forming. 

The improvement in shrink flange formability of 
magne ium alloys, in which buckling gives the 
forming limn for segment lengths 8 inches or 
greater, is minor at forming temperatures up to 
ISO F. The investigation demonstrated thai con- 
siderable improvement can be achieved, however, 
for room temperature and elevated temperature 
forming, if cutouts are used and if the resulting 
segment lengths are made about 2 inches in length 
or shorter. The increase in percentage of shrink for 
decrease in segment lengths is greater at elevated 
temperature forming than at room temperature 
forming. The shrink flange format'lity at 450 F 
for the 0.040-in. sheet is best for the annealed 
1«/^% Mn alloy and the poorest for the annealed 
6i/2% Al. Y4% Zn alloy. The hard-rolled 61/2% Al, 
!^%, Zn alloy, the hard-rolled 11/2% Mn alloy, the 
annealed 3% AI, 1% Zn alloy, and the hard-rolled 
S% Al. 1% Zn alloy give intermediate results. The 
percentage of shrink which may be achieved for all 
segment lengths decreases with an mcrease in the 
die contour radius. 

Springback of the flange in shrink flange forming 
proved to be approximately the same as that for 
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straight bends for the forming icmperatures and ra- 
iios of die bend radius to sheet thickness investigated. 

FORMING BEADS IN THE GUERIN PRESS
83 

The major factor which determines the maxi- 
mum forming limit of beads is the maximum 
strain which may be achieved over the bead con- 
tour. Under all conditions whicn were investigated, 
it was found that the atmospheric internal beads 
fracture at or near the jjoint of tangency of the cir- 
cular portion of the bead contour and the die bend 
radius. At the point of tangency local deformation 
was observed consistently for all test conditions. 
Grid analyses revealed that the strains are essen- 
tially uniform over the entire circular portion of 
the bead contour. Maximum design limits were 
calculated from the grid analyses. 

The maximum uniform strains ivhich can be 
achieved were found to increase with an increase 
in the forming temperatures up to 300 F. A de- 
crease in the maximum permissible strain was ob- 
served at 450 F as compared with that at 300 F for 
all alloys except the annealed 1J4% Mn alloy and 
hard-rolled 3% Al, 1% Zn alloy. Also, greater uni- 
form strain can be achieved with beads formed on 
external beading dies than those formed on in- 
ternal dies at the forming temperature of 70 F. The 
formability of magnesium alloy beads on external 
dies proved to be so good for most alloys at 70 F 
that no tests were run at elevated temperatures. 

STRETCH FORMING
54 

The maximum permissible limits for the stretch 
formability cf six magnesium alloys were deter- 
mined for a scries of singly and doubly convex 
parts and also for a series of saddlcbad: parts. The 
maximum permissible stretch at 70 F was small. 
At this temperature, stretch forming was found to 
be limited to contours where the maximum contour 
line is only a few per cent greater than the mini- 
mum contour line. The maximum permissible 
stretches were found to increase with increasing 
temperature over the range of temperatures in- 
vestigated. At 300 to 400 F, high stretches were 
successfully obtained and severely contoured doubly 
convex and saddleback parts were easily fabricated. 
Llevated temperatures also minimize the occurrence 
of grip failutes and the presence of bucides in sad- 
dleback parts. 

The average stretches which were obtained ex- 

ceeded the uniform strain obtained in tension tests 
by wide margins. These data reveal that, contrary 
to prevalent opinion, the limits of stretch forma- 
bility are not dependent upon the uniform strain 
as obtained in a tension specimen, but frequently 
exceed this value. In several examples, strains ap- 
proximating the local ductility for the existing 
stress ratios were obtained over several inches of the 
maximum contour lines. The effect of die contour 
and friction are very important in influencing the 
maximum permissible stretches. Under ideal condi- 
tions of control of friction by means of lubrication 
and grip adjustment, it may be possible to approxi- 
mate the local ductility along the total length of 
the maximum contour line of the die. 

This project was carried out as an engineering 
investigation and provided much information on 
the requirements as to die design, press capacity, 
technique of carrying out operations at the proper 
temperature, considering the practical limitations, 
and on the way in which the different commercial 
alloys behave in response to many important vari- 
ables. While some cut-and-try methods will stili be 
necessary in working out forming conditions for 
specific parts, a study of these reports should vastly 
decrease that necessity. They tell a good deal about 
how to form a part, but information on how that 
part may be expected to stand up in aircraft service 
was stili scanty. Again, since extended actual air- 
craft use was lacking, reliance had to be placed on 
laboratory data. 

Two advisory reports bearing on the forming 
problems were submitted by the War Metallurgy 
Committee at the request of the University of Cali- 
fornia where they had been prepared as theses for 
advanced degrees. 

The first, Effect of Combined Stress on the Duc- 
tility of Metals,™ reviews the existing knowledge 
on the subject and presents a method of calculat- 
ing permanent strains at fracture under combined 
strewes when (I) the stress combination at the be- 
ginning and end of plastic deformation and (2) the 
work hardening effects, are known. The calcula- 
tions based on the theory presented arc in good 
agreement with the experimental data. 

The other report. Stress-Strain Relationships for 
Jx Magnesium Alloy Extrusion under Biaxial 
Stress,i0 presents a study of some of the fundamen- 
tal assumptions of the theory of plastic flow under 
combined stresses. Few data arc available on the 
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Mow of mctai under arbitrary conditions of ütiessing 
or straining, hut this investigation indicates that 
good predictions of the »train are possible from a 
knowledge of the true stress-strain curve in tension 
and the known stress path. 

1,1.0 Deformation Charactcrisdcs 

By analogy to the other hexagonal metais, nota- 
bly tinr, it was indicated that the difficulties en- 
countered in the failures of ntagnesium alloy sheet 
might be due to the unusual deformation charac- 
teristics of this type of metallic structure. To obtain 
fundamental information on the relation between 
the internal structure of magnesiu n alloys and 
their ability to take deformation. Project NRC-70 
(NA-148). Deformatiou Characteristics of Magne- 
sium Alloys, was established at Carnegie Institute 
of Technology in June 1943. 

By means of X-ray and microscopic methods, the 
crystallographic and mctallographtc structure of 
magnesium wa« correlated with iss deformation 
characteristics. This necessitated the development 
of a special etching technique which would at once 
reveal both the grain structure and the twinning 
due to mechanical working.IiT 

The program of the investigation embraces two 
problems: (I) investigation of the mechanics of de- 
formation in sheets, covering slip, twinning, crack 
propagation, micrmtructure, and preferred orienta- 
tion, and their relation to physical properties; (2) 
investigation of possible presence of embrittling 
agents, perhaps oxide films in the metal, or possibly 
nitrogen, carbon, sulphur, chlorine, or other im- 
purities, and exploration of the possibility of pro- 
ducing more ductile material by the eiimination 
of them. 

The work indicated that avoidance of directional 
properties in sheet that result from the tendency 
of magnesium to form twin crystals can be achieved 
bv the right combinations of hot and cold work. 
It was demonstrated that twinning depends on the 
speed and temjieraturc of dcfoimation. decreasing 
with increasing temperature and decreasing speed 
of defonnation. The pronounced change in orienta- 
tion (8<> degrees) which is produced by twinning, 
combined with the above knowledge, was employed 
to produce randomly oriented magnesium sheet. 
The tensile strength of this »beet was »lightly lower 
and the reduction of area slightly higher than that 

of commercial sheet. Such randomly orieuted sheet 
may be desirable for certain operations where 
isotropy is of prime importance. However, the ex- 
treme ease with which the twinning takes place at 
room temperature, returning the sheet to its nor- 
mal orientation, makes extremely doubtful the pro- 
duction of magnesium sheet with any marked in: 
provement in room temperature properties by 
alteration of orientation of its crystals. FurUier- 
more, the production of randomly oriented sheet 
may complicate rolling practice. Twinning occurs 
less readily at elevated than at room temperature, 
but, under rapid deformation in forging or rolling, 
it may occur even at elevated temperature. 

Different lots of magnesium and the same lot 
cooled at different rates after freezing fracture in 
different ways, that is, cither intercrystalline or 
transcrystalline. Intercrystalline fracture is thought 
to denote less dependable material. Metallographie 
studies revealed the preseme ol an impurity in 
magnesium melted troiii distilled crystals. It was 
suspected that this impurity was thrown out of 
solution during cooling, and that when the precipi- 
tation oorurred at grain boundaries, it was the 
cause of intercrystalline fractures. Sublimation 
studies at 180 C in a vacuum of 0.005 micron in- 
dicated the presence of thin films, believed to be 
MgO, located at the grain boundaries and extend- 
ing in from the thicker film of MgO »hat forms die 
outer surface of the sample. The problem of pr >- 
ducing metal or purifying it so it Is free from such 
impurities tfius appears to be of basic importance. 
Certain degrees of deformation prior to heat treat- 
ment accentuate the propensity for the impurities 
to separate at the grain boundaries where they are 
harmful. 

Although incompletccl, this project was not ex- 
tended because at that time, November 15, 1944, 
it was felt that It could not be completed in time 
to be of value in World War II. Five progress re- 
portsftT.M.iJB.no.ßi give ^ tjetails of the experimen- 

tal work, and a final report08 summarizes the results 
of the investigation. 

1 s 7    Status of Research on Magnesium 
Alloys 

In addition to the work done by NDRC, con- 
siderable research was carried out on magnesium 
alloys during World War II by the magnesium pro- 
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(Uum, ihe aircraft indtisiry, the Armed Forces, 
NACA, and OPRD. The NACA Commiuec on 
Materials Research Coordination compiled a listing 
of these research projects and, in order to deter- 
mine the research needs that required attention, 
requested the War Metaliprgy Committee to re- 
view the projects completed and being carried out 
and to make comments and suggestions as to re- 
search that should be undertaken. 

In February 1945, the War Metallurgy Commit- 
tee established Survey Project SP-26, A Survey of 
Research on Magnesium Alloy Iking Conducted by 
Government Agencies, Branches of the Armed Ser- 
vices, and Producers and Fabricators of Magnesium. 
The report on this project113 comprises three major 
sections: (1) a summary of the current and cur- 
rently interesting research projects on magnesium, 
(2) suggestions and comments on this research and 
on magnesium, obtained from those interested in 
the use of the metal, and (3) a recapitulation of the 
first two sections, with suggestions as to which re- 
search and development work appears to be most 
necessary to make magnesium a more useful metal. 

A digest of the report led to the following general- 
izations of the research needs in magnesium alloys: 

1. The greatest need appears to be for improved 
magnesium alloys for wrought products, especially 
sheet. The features most desired for aircraft appli- 
cations are: less sensitivity to stress-corrosion crack- 
ing; higher mechanical properties, particularly ten- 
sile and compressive yield strengths; lower notch 
sensitivity; decreased Hammability; greater ductility 
and the ability to be cold-worked. 

2. An observed impurity in "pure" magnesium 
should be studied for its influence on the present al- 
loys and on any new alloys which may be developed, 
with the idea that this impurity may be potent in 
determining the properties of these alloys. Methods 
of removing or controlling this impurity during the 
melting of the alloys should be investigated. 

3. There is a need for the engineering develop- 
ment of experimental units employing magnesium 
to be used in evaluating the serviceability of mag- 
nesium »tructural pasts and to serve as a source of 
engineering information for those interested in ap- 
plying the metal. 

4. The development of improved melting meth- 
ods and molding techniques presents the best ap- 
proach to the eventual production of higher quality, 
lower tost, sand, permanent mold, and die tastings. 

To make available the information collected in 
this survey to universities and to other research 
agencies contemplating research on magnesium al- 
loys, in September 1945 the NACA Committee on 
Materials Research Coordination requested the 
War Metallurgy Committee to appoint a special 
committee to review the above-described report and 
to point out where additional research might be 
warranted or where the scope of the existing proj- 
ect might be expanded to advantage. An unclassi- 
fied supplemental y report"4 was issued covering 
the specific topics upon which research is recom- 
mended. The NACA Committee on Materials Re- 
search Coordination proposes to reduplicate this 
report for wide circulation in order to promote 
research on magnesium in the fields of greatest im- 
portance at this time. 

1.S.Q ladexing of Division 18 Reports 
on Magnesium Alloys 

An index88 of the Division 18 reports on the mag- 
nesium alloys was prepared by the Research Infor- 
mation Division of the War Metallurgy Committee. 
This index covers the subjeci list of the various proj- 
ects with the reports issued on each, a brief abstract 
of each report, and a subject index of the reports. 
Also included is a table of the commercial mag- 
nesium alloy symbols and compositions. This index 
should add to the usefulness of the many reports on 
the subjects. 

IA 

IAA 
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Control Cables 

In December 1941, the Coordinator of Research 
and Development, Navy Department, suggested 
that NDRC initiate investigations to develop air- 
craft control cables with improved wear resistance. 
The cable which was being furnished to the Bureau 

of Aeronautics in accordance with Navy Specifica- 
tions ANRRC-43 and ANRRC-48 was fabricated 
from 18-8 stainless steel or tin-coated carbon steel. 
A number of failures had been reported aflct 100 to 
150 hours in service, while in other case» the service 
life was from 800 to 1,000 hours. Ihe Navy Depart- 
ment was interested in determining the causes of 
these failures as well as in developing satisfactory 
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cables froii! noncrhical materials. A brief program 
of inveftligation was 10 IK: conducted at the Naval 
Aircraft Factory to obtain Mme infonnation on tbe 
problcm. Owing to time limitaiions and lack of 
facilities at the Naval Aircraft Factory, the program 
could not cover the entire field. Consequently, the 
Office of ihe Coordinator of Research and Develop- 
mcnl requested that NORC undertake a compre- 
hensive    inveMigalion.    After   meetings   between 
repmematives of the War Metallurgy Committee, 
the Bureau of Aeronautics, and John A. Rocbling's 
Sons Company, the largest  producers of aircraft 
control table for the Navy, Project NRC-15 (N-101), 
Corrosion-Fatigue   Failure   of   Aircraft   Control 
Cables, was established in May MH2 in the research 
laboratories of John A. Roebling's Sons Company. 

The original program embodied the determina- 
tion of the effects of composition and operating 
conditions on the ]>eiformance of control cables as 
shown by standard wire cable fatigue tests, corro- 
sion fatigue tests, and low-temperature fatigue tests. 
Since this original program was designed tor the 
development of improved cables using 18-8 stainless 
steel wire and since the supply of alloying elements 
for stainless steel was becoming more critical, the 
program was modified to include the investigation 
of galvanized carbon steel cables, as well as cable 
lubricants for low-temperature service. The pro- 
gram was subsequently extetul-d to include the 
determination of cable  jierfomiaiue with actual 
service loads and sheaves for the purpose of obtain- 
ing data which cotdd lie used in the design of air- 
craft control systems. 

Among the various factors affecting the fatigue 
failure of controt cables are the tension on the cables 
as installed, the ratio of sheave diameter to cable 
diameter, the material of the sheave, the number of 
wires in the cable and their arrangement wi'.hin it, 
the material o the wires and their surface (plain or 
coated), the corrosive conditions to be met and the 
protection against corrosion, the temperatures in- 
volved, and the lubricants within the cable. 

The cable sues investigated were i/jj, in., %» in., 
%n in,, •)'!,} in., and 14 in. in diameter with a 7 by 
19 roiMtructian, and %* in. with a T by 7 construc- 
tion. The materials included 1(1-8 stainless steel and 
carbon steel, bright, galvanhed. tinned, and lead- 
alloy coaled. The galvaui/cd cables were made of 
wire with various weighis of hoi galvanized and 
elecirogalvanired   coatings.   Standard   commercial 

lubricants and special lubricants containing lithium 
soap grease, mineral oils, paralkctonc neutral base, 
rust preventative, and extreme pressure additives 
were studied. 

The fatigue and internal friction properties of 
cable as alfected by corrosion in a sah atmosphere 
and by temperatures tanging from -flOO F to —65 
F were studied.  The fatigue properties of cables 
were investigated under normal laboratory condi- 
tions with sheaves and loads similar to those used 
in aircraft  control systems. The results of these 
tests with I per cent loads showed that under the 
severe conditions of a salt atmosphere and at —65 
F, 18-8 stainless steel cables were the most effective. 
However, without corrosion and at room tempera- 
ture, carbon steel cables are equal to or better than 
stainless   steel   cables.  Service  load   fatigue   tests 
in the absence of corrosion showed that 18-8 stain- 
less steel has a considerably lower fatigue life than 
galvanized carbon steel cables. Heavy galvanized 
cables are the best of the carbon steel cables for 
corrosion fatigue but have the poorest fatigue life 
at —65 F. The tin lead alloy and light zinc coatings 
did not mafmally improve the corrosion  fatigue 
life of bright carbon steel cables. The tinned cables 
had the lowest internal friction in the absence of 
corrosion. Corrosion by sah spray increases the in- 
tennl friction of tinned tables and decreases thai 
of heavy galvanized cables. The continuous flexing 
of the cables during fatigu'- test in the absence of 
corrosion lowers the internal friction of the galvan- 
ized cables but not sufficiently to equal that of the 
tinned cables.   The internal friction of cables in- 
creases with an increase in cabk» tension and a de- 
crease in sheave diameter. 

The fatigue and internal friction of cables are 
improved by the use of lubricants. The effectiveness 
of lubricants is dependent upon the temperature and 
the protection which they afford against corrosion. 
The commercial cable lubricants arc affected consid- 
erably by temperature, whereas some of the greases 
perform quite uniformly over the range of tempera- 
tures investigated. Externally applied paralkctone 
(An-C-52) is very effective in providing protection 

against corrosion, but it becomes brittle at —65 F 
and flakes off the cable where it l)cnds over a sheave. 

The service load tests with micarta and 24S-I 
aluminum alloy sheaves indicated that for a given 
cable tension the fatigue life was satisfactory pro- 
vided the ratio between the sheave diameter and 
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cable diameter was above a critical value. The criti- 
cal sheave ratio increases with the cable tension. For 
a 1 j>er cent load, the critical sheave ratio for 7 by 
19 galvanized cables is approximately 10; for 10 and 
20 per cent loads, the ratio is approximately 20 and 
28, respectively. The relationship between the visible 
wire breaks and the average loss in strength was inves- 
tigated, as well as that between the loss in strength 
and the number of reversals in fatigue under various 
load conditions for 7 by 19 galvanized cables. The 
fatigue life of 7 by 7 construction cables with 1 per 
cent loads is less than that of 7 by 19 construction 
cables with the same loads and sheave ratios. 

The AN-210 micarta pulleys operate satisfactorily 
under relatively low service loads, but under higher 
loads they fail by wear, splitting, or bearing failures. 
The 24S-T alutninum alloy sheaves equipped with 
large ball bearings operate satisfactorily under loads 
up to GO per cent of the specified cable strength. 

The results of the investigation are summarized 
in the final report'"1 on the project, while the prog- 
ress reports present the many details of the inves- 
tigation, covering integral phases of the investiga- 
tion as follows: the effect of lubrication on fatigue 
properties,07 the effect of metallic coatings and lubri- 
cants on fatigue properties/18 the effect of sheave 
diameter on fatigue life,00 the effect of metallic coat- 
ings and lubricants on fatigue and internal fric- 
tion,70 fatigue tests under service loads,71 and mis- 
cellaneous tests and the examination of German 
and Japanese aircraft cables.7- 

From the experiments made and data presented, 
the mechanical details and the proper type of lubri- 
cation for satisfactory service are made clear. The 
choice of cable material will vary according to serv- 
ice conditions. This comprehensive work has mate- 
rially clarified the problems of design of control 
cable installations an the methods of testing the 
cable to insure reliability and long life. 

1.4.2 Surface Prestressing of Metallic 
Materials 

During World War II, considerable progress was 
made toward the application of fundamental knowl- 
edge to problem? of practical significance. A char- 
acteristic example of this type is the wide 
application of surface pcening, the basic theory of 
which had been developed between 1920 and 1930 
with little support from industry. 

It has been known that cold working the surface 
of a part greatly increases its endurance under con- 
ditions of repeated stress, which are of such nature 
that failure tends to start at the surface. In analo- 
gous fashion, carburizing or nitriding the surface 
increases its endurance as long as cracks do noi start 
in the hard surfaces. However, it is known also that 
the cold-worked surface can be over-cold worked 
to such an extent that cracks are formed, in which 
case the cold work can do more harm than good. 

The advent of high-frequency surface hardening 
and of flame hardening brought the realization that 
surfaces can be hardened and strengthened by these 
means much more rapidly than by carburizing and 
nitriding. 

Surface pcening by impact of hard balls, the 
"cloudburst hardening" method, had been used 
more as a method of evaluating uniformity of hard- 
ness than as a processing method for improvement, 
though the latter aspect was given some attention. 

Springs normally are very highly stressed, and 
their fatigue behavior is governed by the condition 
of their surface. Automotive valve springs were es- 
pecially prone to failure. In 1926, an epidemic of 
valve spring failures in one motorcar was overcome 
by shot peening. Shot peening of springs used for 
individual wheel suspension on automobiles soon 
followed with gratifying results. Surface pcening 
had proved to be effective in increasing the fatigue 
life of some machine parts at their operating loads 
by 200 to 1,500 per cent. 

These commercial examples brought to the atten- 
tion of the automotive industry the value of cold 
working the surface of parts subject to fatigue. In 
that industry, some individuals became enthusiastic 
about the possibilities of shot pcening and, through 
many articles in technical joi.rnals, a missionary 
campaign had been carried on for its more wide- 
spread application. 

In order to determine the possibilities and limi- 
tations of surface peening for the improvement in 
service life of engine and structural parts of air- 
planes, the Bureau of Aeronautics, Navy Depart- 
ment, requested NDRC to initiate investigations 
on the subject. Two projects were established, one 
on shot peening and one on induction hardening. 

SHOT PEENING 

Project NRC-40 (NA-115), Effects of Shot Blast- 
ing on Mechanical Projjerties of Steel, was carried 
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out l>y üie Research Laboratories Division of Gen- 
eral Motors Corporation. The objective of tiiis proj- 
ect   was  twofold:    (I)   to  correlate  and  develop 
principles for the practical application of mechan- 
ical surface treatments by a study of their effects 
on the properties of diifeiem materials in various 
sizes, and (2) u> develop techniques for the mechan- 
ical surface treatments of certain specific engineer- 
ing parts such as engine connecting rods, propeller 
blades, fusion steel weldineuts, landing gear cast- 
ings, etc. 

For the most part, the investigation comprised 
(I) the expcriiBenul shot peening of numerous 
parts of military equipment and a substantial num- 
ber of laboratory specimens which then were tested, 
largely in other laboratories, and (2) the assembly 
and consolidation of pertinent data into case his- 
tories. The effect of shot peening was determined 
on fatigue durability, static strength, impact, dimen- 
sions, hardness, friction, stress-corrosion cracking, 
corrosion, surface roughness, and surface failure. 
Studies also were made of the shot-pcening process 
and equipment and methods of measuring the in- 
tensity of peening. 

The principal generalizations on the effects of 
shot peening on the propertiesi of various parts73«74' 
Tfl.To .»-e as follows: (1) fatigue properties are 
improved, (2) there is litf1«' "Influence on static 
strength, (.1) the effect on resistance to impact is 
not detennined fully, (4) the cflect on hardness is 
not established fully, although there is an indica- 
tion that hardness may be increased slightly, (5) 
frictionai properties of slidiug surfaces arc some- 
what affected. (6) the tendency toward stress-corro- 
sion cracking of brass and magnesium alloys is 
reduced, (7) general corrosion is not reduced, (B) the 
roughness of the surface of shot-pcened steel varies 
in depth up to O.fKHO in. depending upon the shot 
sue and pwning intensity used, and (9) its influence 
on surface failures such as [titling, galling, scuffing, 
scoring, and fretting corrosion is not yet established. 

A major difficulty in the application of shot peen- 
ing has been knowing when to stop, that is, ascer- 
taining to what degree peening should be carried 
to secure optimum results and yet to preclude over- 
cold working and the starling of cracks. This is 
siill a difficulty, and die performance, in actual or 
simulated service, of pans pcened to different de- 
grees is the final criterion. Once this is known, 
directly or by analogy, the degree of p«:ning can 

be regulated to produce the optimum by subjecting 
one side of a standard test strip of a standard steel 
to the intensity and time of peening it is desired to 
use on ihe part in question and by noting the 
amount of bowing that is produced. 

The conditions of greatest applicability of sur- 
face cold working occur where a part is failing after 
relatively few applications of rrpeated stress, the 
stress being at a very high level, considerably above 
the endurance limit of the material. Such high 
stresses may have to be applied because of ao initial 
design error, and because space limitations permit 
no opportunity to redesign to bring the stress down 
to a proper level. However, a limited life may be 
accepted for the sake of saving weight. Because of 
this, the comparisons of pcened versus nonpeened 
parts are often made at a single level of repeated 
stress in terms of life at that stress rather than over 
a range of stresses such that endurance limits would 
be determined. In terms of life, a stress often can 
be chosen just above the knee of the fatigue curve 
such that the increased life appears most phenom- 
enal and spectacular, but around the knee of the 
curve, duplicate determinations often show very 
wide scatter and more than a few tests arc needed 
to establish the true life expectancy. While a selec- 
ted test stress may, therefore, give an exaggerated 
picture of the real impn vement, there is plenty of 
evidence that in the cases where surface hardness is 
helpful, the improvement is decidedly xvorth while. 

After the project had l)een in progress about a 
year, it became evident that the practical achieve- 
ments were contributing more to the war effort 
than die more fundamental research work. There- 
fore, emphasis was shifted to "trouble shooting," 
namely, (I) giving service to war production plants in 
overcoming failure of machine parts by surface treat- 
ment, thus avoiding changes in design or tool equip- 
ment, C-i) increasing the fatigue strength of machine 
parts, thus permitting increase in power input, and 
(3) reducing the labor in finishing machine parts 
by eliminating polishing and manual operations. 

A few applications tvere not helpful or were of 
doubtful value. Magnesium alloys subject to stress- 
corrosion ivcre shot pcened, but particles of iron 
from the shot greatly accelerate general corrosion and 
are difficult to remove. The remedy was to use glass 
beads instead of iron shot. Shot peening of light 
armor plate did not improve ils ballistic behavior. 
On some parts of a severely notched contour, tested 

CONFIDENTIAL 



,.  mgBj ■ n\'*£
t~--Tn-(Vnit ■tlff:"n-^,*"'r:*r'-,i'*' HM Ö  --.■.-•:■ '!»* 

MISCELLANEOUS MATERIALS ;;i 

in impact, ihe hardening of (he surface was no help. 
On others, more smoothly contoured, it was useful, 
one peculiar case being a carburized pitman ami ball 
on which the impact was not improved at room 
temperature but was greatly improved at —60 F. 

A malleabili/cd iron, engine valve rocker arm, 
which failed on engine tests in 18 to 58 hours when 
nonpeencd, consistently survived HO-hour tests 
when shot pecned. 

A spectacular result was obtained in a laboratory 
tension-compression fatigue lest on Allison engine 
conneciiiig rod bolts where, by cold rolling the 
threads and shot peening the balance of the bolt, 
the life under the particular test conditions was in- 
creased 16 times. 

Oerlikon gun hammers of regular production 
failed in 8,000 to 30,000 rounds, while those shot 
pcened lasted 20,000 to 40,000 rounds. The aver- 
age life of several parts for a 20-mm AN'M2 
gun were doubled or more by shot peening. In 
general, the shortest life for the peened part was 
somewhat greater than the longest life of an un- 
pcened one, but the scatter was wide in both cases. 

A recoil spring heat treated to 61-G3 Rockwell C 
failed in about 5,000 cycles. When shot peened, it 
withstood 400,000 to 700,000 cycles. 

Articulated Pratt 8: Whitney connecting rods, 
laboratory tested, were compared (1) with rods 
which had the usual highly polished finish and (2) 
with rods which were rough polished, then shot 
peened. At a calculated maximum stress of 90,000 
psi, the former ran 80,000 to 100,000 cycles, the lat- 
ter, 90,000 to 240,000. At 80,000 psi, the former ran 
200,000 to 400.000 cycles, the latter, 400,000 to 
1,000.000, During the shot peening. the diameter of 
the 1-in. and li^-in. holes in the connecting reds in- 
creased by about 1/10,000 to4/10,000 in. and the 9-in. 
overall length increased by some 20/10,000, evidence 
that compressive stress was induced at the surface. 

It is argued that this compressive stress provides 
increased resistance to fatigue failure, since it is 
tensile stress (tending to open and extend a crack 
once formed) that produces the damage, whereas, 
if rompressivc stress is present, that stress must be 
released by she applied tensile stress, thereby de- 
creasing the effective tensile stress. It is argued also 
that it is this compressive stress rather than the 
strengthening of the surface that confers improved 
fatigue resistance. The results from some of the case 
hisiories demonstrate rather spectacular improve- 

ment. In other cases it is a lossup whether any im- 
provement has been effected. In a few cases actual 
deterioration occurs, as in a case of a final drive 
pinion carburized and treated to 58-65 Rockwell C. 
On the other hand, a carburized ring gear at the 
same hardness was rauch improved. On torsion bars, 
surface rolling was equivalent to shot peening. 

An enthusiastic "missionary" attitude prevailed 
throughout the reports, and on the whole this was 
justified. Specific exceptions bring out the impor- 
tance of avoiding over-cold work, the existence of 
scatter, and the necessity of putting the peening 
operation under close control. 

A factor to consider is decarburization. which is 
extremely damaging in fatigue, this damage not 
being entirely repairable by peening. In evaluating 
the benefits of peening, oncurrent attention must 
be paid to decarburization. 

One of the useful conclusions to be drawn from 
the assembled case histories is that some improve 
ment ordinarily is to be expected from the treat- 
ment, but there are sufficient exceptions to prevent 
its being classified as a cure-all. Especially where the 
life of unjieened parts shows a wide variation, the 
causes of that scatter are not necessarily overcome 
by peening. so that there also may be correspond- 
ingly wide scatter in the life of the peened parts. 
Experience with large numbers of tests and evalua- 
tion of the data from the probability point of view 
would be required to appraise such cases accurately. 

In July 1944, the Office of the Chief of Ordnance, 
Army Service Forces, requested NDRC to under- 
take the preparation of a manual on the shot peen- 
ing process and its effective application for the 
guidance of design engineers. This project, OD-177, 
was not undertaken since there was insufficient time 
or  personnel   to  carry  out   the   more   important 
phases of the original program and prepare the 
manual as wed. The Research Laboratories Divi- 
sion of General Motors Corporation recognizes the 
need for such a manual, however, and plans to pre- 
pare one when time permits. 

INDUCTION HARDENING 

To augment the studies of surface prc-stressing by 
shot peening, Project NRC-78. Study of Surface Pre- 
Stressingon Dynamic Properties of Metals, was estab- 
lished in the research laboratories of the General 
Electric Company. The aim of the program was to 
study the effects of .'lame and induction hardening, 
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carburizing, nüriding, cyaniding, etc., on the fatigue 
life of various metal parts of war materiel. Since the 
progress was not encouraging on the initial phase of 
the program, which consisted of experimental induc- 
tio» heaj treatments on SAE 1050, X1050, and a 
chromiunMaolybdenum steel, the project was aban- 
doned. It was indicated, however, that the fatigue en 
durance limit is inr »eased by 50 jier cent and that the 
origin of fatigue failures in induction-hardened bars 
is sub-surface. It was found also that induction hard- 
ening produces tension in the center of cylinders and 
compression at the surface. The report on this work 
was not issued because more comprehensive informa- 
tion of this nature am be found in the technical 
literature on induction hardening. 

Rubber Branch. 
Part IX     Fuel and Lubricant Test Methods of 

the Chemical Branch. 
Part X      Paint   and  Protective   Coating   Test 

Methods of the Chemical Brunch. 
♦    Part XI     Rubber Test Methods of the Textile 

and Rubber Branch. 
Part XI!   Title Index of Parts / to XI, Inclusive. 
These reports are unclassified and were distribu- 

ted widely throughout the aircraft industry as well 
as to the Armed Services. In addition, the Msterials 
Laboratory of Wright Field has reduplicated these 
reports tor distributiori to suppliers of airtraft mate- 
rials so that drey may utilize in their own testing 
the methods by which their materials will be evalu- 
ated by the Army Air Forces, 

MJS Methods of Testing Aircraft 
1.4.4 

The test methods used by industry for evaluating 
the various materials used in aircraft construction 
frequently vary considerably from those used by the 
testing and procurement agencies of the Army Air 
Forces and the Bureau of Aeronautics, Navy Depart- 
ment. In order to promo»? «he standardization of 
these test methods, the NACA Committee on Mate- 
ii:ds Research Coordination requested the War 
Metallurgy Committee to review and compile the 
test methods currently in use at the Materials Labo- 
ratory, Engineering Division. ATSC, Wright Field. 

Accordingly, Survey Project SP-24 was established 
and carried out. Twelve NDRC rcjKJrts were issued 
covering the test methods used at Wright Field on 
various aircraft materials, as follows: 

Part I        Test Methods of the Structural and 
Mechmical Test Branch. 

Part II      Test  Methods  of  the Metallurgical 
Branch. 

Part III     Routine Chemical Analysis Methods 
of the Physics Branch. 

Part IV     Test Methods of the Wood and Glue 
Branch. 

Part V       Electrochemical Methods of the Chem- 
ical Branch. 

Part VI     Physical Test Methods of the Physics 
Brunch. 

Part VII    Test Methods of the Welding Branch. 
Part VIII  Textilet Paper, Leather, and fungi- 

cide Test Methods of the Textile and 

Fadgue of Aircraft Stracmres 
and Materials 

Both laboratory tests and service experience have 
demonstrated that a structural material will fail 
after many repetitions of a stress which is substan- 
tially less than the stress at which failure occurs un- 
der continuously increasing load. Such failure under 
repeated loading is called failure by fatigue. Since 
aircraft structures particularly are subject to vibra- 
tion, impacts, and other repetitive loads, it is rea- 
sonable to anticipate the failure of some aircraft 
parts by fatigue. 

Present aircraft structural designs are based upon 
static load distributions and generally have afforded 
adequate fatigue strength in primary structures. 
Prior to 1939, few failures had occurred in which 
fatigue was a primary cause, and in no instance had 
it been proved that any airplane wing spar or air- 
ship structural girder had failed in service owing to 
fatigue. Fatigue failures, noted since then, have 
been very few in proportion to all known aircraft 
failures. 

Nevertheless, present trends in modern airplane 
design may lead to greater danger of fatigue failure 
in the near future. Higher speeds, increased wing 
loading, and in military planes increased fire power 
and maneuverability tend to produce greater dy- 
namic loading. The use of new materials which 
have higher static strengths, but which do not have 
proportionately higher fatigu- strengths, increases 
the possibility of failure of parts by fatigue. Radical 
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changes in design, as may occur in jet-propelled 
ships or in rotary-wing aircraft, need to be consid- 
ered in the light of dynamic loading and possible 
fatigue faiiure of parts. 

To determine the extent and na^    e of the avail- 
able information on the fatigue properties of ma- 
terials and structures in aircraft so that research 
needti could be ascertained, the N AC A Committee on 
Materials Research Coordination requested the War 
Metallurgy Committee to review the published and 
unpublished   information   available-  from  aircraft 
companies, manufacturers, and other laboratories. 

To carry out this survev, the War Metallurgy 
Committee established  Survey Project SP-27,  Fa- 
tigue Properties of Aircraft Materials and Struc- 
tures. Although there had been many instances of 
fatigue failures of attachments and fittings which 
are not structurally important, the study wa1 lim- 
ited to the primary load-bearing structure of the 
airframc. Engines and propellers also were »'inhted 
because of the considerable amount of readily .«vail- 
able information concerning the fatigi ! properties 
of their materials and parts. 

More than 1,000 references were reviewed from 
the library of Battelle Memorial Institute, from air- 
craft manufacturers, and from other laboratories. 
Of these, about 600 concern the fatigue properties 
of materials. Fewer useful references were found 

concerning the fatigue properties of airframc struc- 
tural elements, repeated-load tests of assemblies, 
and service loading of aircraft structures. 

Part I of the report on this survey77 summarizes 
available information concerning the fatigue prop- 
erties of materials commonly used in airframe con- 
struction. This summary is designed to indicate the 
extent of available information rather than to offer 
a handbook of design values. For many details, re- 
ference is made to available publications. 

Part III summarizes the results of fatigue tests on 
fabricated parts, on simple joints, and on stiffened 
panels. Although actual stress values usually are not 
known, the tests are of considerable interest because 
they include the effects of the stress raisers and sur- 
face conditions encountered in production. 

Part III describes results of typical tests of struc- 
tural assemblies under repeated loads. Such tests in- 
clude an additional factor ol importance in service, 
namely, the deflection characteristics of the struc- 
ture under the dynamic loading applied. 

Part IV of the report discusses the correlation of 
information from laboratory fatigue tests with in- 
formation from service records of loading during 
flight and landings. This discussion does not con- 
tain definite conclusions for use in design, but sum- 
marizes available information and points out prob- 
lems for future consideration. 
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EAKIV IN l*M2 the War Metallurgy Ck)mnüttce ini- 
tiateil sever.«! research projecu in the met'dliurgy 

oC aniiör at a result of the recommendations o( tlic 
NDRC ad hoc ConuiihU'c on Armor Plate in its 
rcjx»rt tn Dr. James B. Conant, dated November 
18, HMI."* These projects com|itised studies on in- 
vestigations of the Effects of hydrogen, oxygen, and 
nitrogen  in  armor plate,  the correlation  of  the 
metallogiaphk structure of armor plate hardness, 
and the developmem of a nonballis'U, test for de- 
termining armor plate quality. At the same time, a 
comprehensive investigation of fundamental prob- 
lems in production and heat treatment of armor 
brought about by the critical shortages of the alloy- 
ing elements used in armor plate at the beginning 
of World War 11 was initiated at the suggestion of 
Watertown Arsenal. Starting with problems of con- 
siTvation and substitution, this work included stud- 
ies of the  iniluence of melting practices on  the 
resultant armor, the effects of various elements on 
the quench-cracking susceptibility of cast armor, 
the effects of heat treatments on the properties of 
homogeneous armor plate, and the development of 
improved methods for the production of homogen- 
eous armor plate and of face-hardened armor plate. 
Supplementary projects were established for a more 
detailed investigation of other problems such as the 
use of boron as a hardening element, the use of 
(lame hardening, and the development of low-alloy 
a/mor comjKMitions. All this work was carried out 
in close cooperation with Watertown Arsenal and 
with the Subcomniitlees on Cast and Rolled Armor, 
Fcrrou« Metalhngkal Advisory  Board, Ordnance 
Department,  the membership of which  included 
many representatives of the various producers of 
cast and rolled armor, as well as government repre- 
sentatives, Reports on this work were distributed 
u» the members of these subcommitiees at the re- 
quest of the Ordnance Department. 

" CORRELATION OF TESTING 
METHODS 

Determining the suitability and acceptability of 
armu? by ballistic testing at the Proving Grounds 

is an expensive and time-consuming task. The test 
has been appraised by those in position to know it 
as "arbitrary and not sufficiently discriminating." 
If more precise ballistic tests or some simpler 
method of evaluation could lie found whose corre- 
lation with actual ballistic tests were definitely and 
fully established, the development of belter armor, 
the proving of suitability of alternate, alloy-saving 
compositionSi and the prompt acceptance or rejec- 
tion of armor would be fadlicwnl. 

As a result of the recommemiauons of the NDRC 
ad hoc Committee on Armor Plate,78 the War 
Metallurgy Committee established at Carnegie In- 
stitute of Technology Project NRG6 (OD-84), Non- 
Ballistic Test for Armor Plate. The investigations 
made on this project established a rough correlation 
between poor ballistic behavior of rolled homogen- 
cous armor of !i/2-in. and 2-in. thickness and either 
the reduction in area on specimens taken in the 
thickness direction or the low energy absorption of 
normal-si/c notched impact specimens broken at a 
low temperature. That is, with certain reservations, 
the conclusion was reached that good ballistic be- 
havior is characteristic of rolled homogeneous armor 
plate in which the reduction of area in the thick- 
ness-tensile test is consistently greater than 30 per 
cent and the V-notch Charpy values exceed 25 ft-lb 
at minus 40 C, whereas plates in which the reduc- 
tion of area in the thickness-direction tensile test 
falls below 10 per cent and the V-notch Charpy 
values at minus 40 C are less than 17 fl-lb will be 
rejected by ballistic tests.711 

These conclusions are valid only when the failure 
to pass Specification AXS 488 is caused by cracking 
or because the exit dimension in the penctration- 
through-piate test is in excess of the specification 
limit. Furthermore, they are applicable only when 
the uniformity of a lot of armor plave has been 
established by an adequate number of both types 
of tests. These conclusions do not apply to badly 
lamina'.ed plate for which the propcitics arc known 
to be widely diffrrent at different points, nor to lots 
of plate which for any other reason are markedly 
nonuniform. 

Some theoretical justification of these conclusions 
was clatmcJ on the grounds that high impact 
velocity allows little deformation and in low-tem- 
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peraturc tests dcfonnalion is likewise restrained.8" 
However, consideration immediately brings out a 
significant lack of simiJiarity in the two cases, for, 
when a projectile hits armor, the spot becomes ex- 
tremely hot, a condition which is lacking in 
notched-bar tests. 

In any event, the assumption ol a basic correla- 
tion rests on inadequately demonstrated grounds, 
since cases are on record where armor which the 
impact test would reject passes ballistic tests and 
vice versa. Therefore, it must he concluded that a 
no/iballistic test sufüciently discriminating to dif- 
ferentiate the acceptable from the unsatisfactory 
armor was not developed on this project. 

However, the indications are that a I i/2-in. or 2- 
in. plate with less than 10 i^er cent reduction of 
area (averages of six specimens) in specimens taken 
normal to the plate will fail by back spalling, that 
is, the exit dimension in penetration will exceed 
the specified limit. Such plate could he rejected 
without ballistic test. Plate with values of 30 per 
cent or over will not fail by back spalling and, if 
there is adequate evidence that such a plate would 
have proper resistance to penetration, ballistic test- 
ing might be omitted, provided that the plate were 
also resistant to cracking. Cracking is not necessar- 
ily prevented by high ductility. Plates with 50 to 
60 per cent reduction of area on specimens taken 
normal to the plate have failed by cracking, while 
others with 15 per cent reduction of area have been 
acceptable. 

Cracking showed a fair correlation with notched 
impact behavior. Data from standard Charpy V- 
notch specimens, taken with the long axis in the 
width direction of the pJate and the notch in the 
thickness direction and at —40 C indicated that 
plates with over 25 ft-lb Charpy value will be free 
from cracking, while those under 17 ft-lb usually 
are not. There was no correlation between notched 
bar results and spalling. 

It is recognized that the spread in energy ab- 
sorbed between plates that have been accepted and 
those that have been rejected is at times small in- 
deed. It is well known that the type of fracture, 
whether fibrous or brittle, is of quite as much im- 
portance in evaluating notched behavior as is the 
numerical figure of ft-lb of energy absorbed. One 
important advantage of the notched-bar test using 
either the small Charpy specimens or the fracture 
specimen recommended by Army Ordnance is that 

the type of fracture, whether fibrous or brittle, is 
readily disclosed. 

Various other lines of attack failed to show any 
correlation between the other mechanical proper- 
ties and cracking or spalling. Only the two prop- 
erties mentioned held forth any promise. 

It must be recognized that an insufficient number 
of plates were tested to allow evaluation of the data 
by probability methods or to justify drawing sweep- 
ing conclusions. Further extensive work is necessary 
to prove a degree of correlation that would justify 
substitution of tests of either reduction of area in 
the plate-thickness direction or Charpy notched-bar 
results for ballistic testing in specifications for ac- 
ceptable armor plate. 

As a supplementary topic of investigation,7" the 
size effect in slow bend testing of keyhole-notched 
bars was studied on one billet of SAE 4140 steel. 
Rather consistent relations were found between en- 
ergy absorbed per volume deformed in geometri- 
cally similar bars, the unit work u> fracture drop- 
ping as the size increases from i/8 in. to 2 in. in 
width, or as the hardness of quenched and tem- 
pered specimens increase«, from 250 to 450 Vickers. 

Although the notched bar fracture test, dcvel- 
oj«d and employed by the Army Ordnance Depart- 
ment, has proved fairly satisfactory as a criterion 
for rejection for both rolled and cast homogeneous 
armor, it has the weakness that its value depends 
so much upon the personal judgment of the in- 
spector that careful training is necessary before 
readings of the appearance of the fractures by the 
inspectors are interpreted alike. 

There is a belief, based on early observations by 
von Kdrmdti, that the stress wave resulting from a 
very high-velocity impact travels in a peculiar 
fashion so as to build up penks of extremely high 
stress. This theory and the experimental work 
which attempted to evaluate these stresses and their 
distribution when the impact is produced by other 
than ballistic means is discussed under the subject 
of the behavior of metals tinder dynamic conditions 
in Section 9.3.2 of this report. The attainable velo- 
cities were so low that the questions remained un- 
answered. Pioneering experiments indicated only 
how great are the experimental difficulties and 
failed to advance the situation with respect to ar- 
mor plate much beyond the original statement of 
von Karmdn. The results of some experiments did 
not agree very closely wth the theory. This served 
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10 tnjphasi/e JIIC faci shaJ the simplest way u> atlain 
explosive velocity is to use explosives. 

Work done by the Navy has indicated interesting 
ppMiibiiitic* in the u«.' of a test on notched impact 
bwr» of the I/od type but larger than the conven- 
tional i/od bar, in which the bar is broken by an 
impact delivered by a bullet instead of by a low- 
velocity [jt'äuUilum. The results .\re reported, not 
as the foot.-pound» of energy absorbed, but as the 
Indict velocity that is ju»t sufficient to fracture. This 
brings in higher velocities, although the stress raiser 
inducing fracture is not that produced by the pro- 
jectile, 

A preliminary method developed for the shock 
testing of welded armor plate joints by the use of 
a demolition cxpllosive also showed promise as a 
nonballistic test ('«if prime homogeneous armor. 
The work was conducted at Trojan Powder Com- 
pany on Project NRC25 (OD-7«) (NS-255), Direct 
Explosion Test for Welded Armor and Ship 
Plate.«'- «8 

In one of the tests developed, a charge of closely 
controlled eHplosivt, ptaml just where the impact 
is desired, is detonated in contact with the plate. 
This test detected differences in heat treatment of 
the armor, in welding technique, or in quality of 
weld as related to the welding electrode used."2 

This work included also the development of a 
point blank test. In testing armor, the impacts of 
the projectiles must be on or near the weld in order 
to determine the resistance of the weld to penetra- 
tion. With current ballistic testing methods, it is 
often necessary to fire many shots to get an impact 
in the desired location, fiettfr positioning of im- 
pacts would be a boon. With modern methods of 
measuring projectile velocity, only a few inches of 
travel are required for a determination. A commer- 
cial "gun," which shoots a projectile into a steel 
plate to a distance regulated by the charge, was de- 
signed long ago for embedding studs {for example, 
to attach a lifting device to the shell of a sunken 
submarine). Wivh careful seietrior. of the explosive 
and careful weighing and loading, the distance of 
penetration is under close control, which means 
that the velocity is accurately controiiable. 

Comhinutg the»; methods, a smooth-boie gun is 
loaded with a tontrolled charge which propels a 
piston to which is attached a projectile. This pro- 
jectile, for test of relative!-; thin plate, travels only 
a few inches, and the point of impact can be de- 

termined within 0.1 in. Thus a projectile can be 
directed at v-fe exact SJMII it is desired to hit and 
propelled with an exactly known and measured 
velocity. 

There seems no reason why this method cannot 
be scaled up for testing heavy plate. The variables 
that impede ordinary ballistic testing would thus 
be avoidable and the way opened to secure accurate 
testing of armor and to obtain data for the corre- 
lation of actual ballistic resistance, determined at 
velocities that meet service conditions, with the re- 
sults of low-velocity notched-bar impact tests. Hazi- 
ness of the claimed correlation between Jow-velodty, 
low-temperature impact results and ballistic test 
results is at present ascribed to the deficiencies of 
the ballistic test. Since with the above-described 
method the point of impact is under control, the 
area of the armor plate to be tested can be smaller. 
Therefore, cooling the armor to subnormal temper- 
atures for evaluation of low-temperature behavior 
and for direction comparison with low-temperature 
impact tests becomes more feasible, and a field is 
opened   up   which   obviously   requtres   intensive 
tilling. 

The direct explosion test is also discussed in Sec- 
tion 6.1.2 of this report in connection with the test- 
ing of welded armor and ship plate. 

3.s INVESTIGATIONS ON 
'sMPEOVEMENTS IN ARMOR PLATE 

The majority of the Division 18 investigations on 
armor plate had to do with improving the proper- 
ties of armor plate compositions in existence at the 
initiation of the program and with seeking to reduce 
their alloy contents. One of the basic objectives of 
the work was to save strategic alloying elements at a 
time when their scarcity made it imperative that 
the utmost attention be given to the production of 
high-quality armor i?tecl with a minimum expen- 
diture of alloys. Later, as the scarcity of alloying 
elements eased, the emphasis was directed toward 
possible improvements in the general quality of 
armor through further studies of such variables in 
heat treatment, structure, composition, and manu- 
facture as are likely to influence the ballistic be- 
havior of armor. While the work in its early stages, 
exclusively concerned armor under 2 inches in thick- 
ness, the protection of much heavier mechanized 
equipment which developed as the war continued 
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made it nevessary to focus attcntton on armor in 
thicknesses up to (> inches. 

The various phases of research with rcspai to 
improvements of armor involved IMHII faee-liard- 
ened and homogeneous types. The work fell within 
the following throe principal division;;: 

1. Face-hardened armor. 
2. Low-alloy homogeneous armor steel, 
8. High-alloy homogeneous armor steel. 

2.S.! Face*Hardened Armor 

The regular methods by w^.Ji armor plate is 
given a hard penetration-resisting face and a tough, 
spall-resisting back are by carburi/ing the face, heat 
treating for diffusion to secure a desired carbon 
gradient, then quenching and tempering. These 
methods are lime consuming. Quicker methods and, 
of course, better armor were eagerly desired. Sev- 
eral projects under the sponsorship of NDRC dealt 
with face-hardened armor. 

Experiments were conducted at  the  Massachu- 
setts Institute of Technology under Project NRC- 
28 (OD-88), Determination of the Effects of Flame 
Hardening on the Ballastic Properties of Pre-Heat- 
Treated Homogeneous Armor Plate, to study the 
effects on  ballistic properties of flame hardening 
one face of homogeneous armor of accepted compo- 
sition and to compare these properties with those 
obtained on similar thicknesses of carburi/cd plate. 
Flame hardening was accomplished by healing one 
face of the plate very rapidly with a very hot (lame, 
thus producing a temperature gradient of such 
magnitude that, on quenching, a hard surface was 
obtained, leaving the center and the opposite face 
of the plate in their original condition. The vari- 
ables investigated were thickness of plate, depth of 
hardened layer, the effect of overhp, post-heat treat- 
ment, and distortion of plate. A somewhat similar 
program was carried out  by  flame softening as 
quenched fully hardened homogeneous armor in 
order to obtain a greater depth of hardened metal 
than was possible by flame hardening.83 

An improvement in the ballistic limit of i/^-in. 
armoi was produced by flame hardening, but warp- 
ing waa excessive. In 1-in. plate there was less dis- 
tortion and the ballistic resistance against projec- 
tiles striking head on was improved, but for oblique 
impacts it was decreased. A decrease in ballistic re- 

sistance was found in H/o-in. plate. It was therefore 
concluded that flame-hardening i/4-in. plate was 
impractical, that flame-hardened 1-in. plate af- 
forded insufficient overall improvement to warrant 
its use on combat vehicles, and that flame-harden- 
ing Ij/y-in. plate was injurious. 

Flame softening, a practice which consists of tem- 
pering with a hot flame the back side of a quench* 
hardened plate in order 'o obtain a softer condition 
on the back than on the front, produced less dis- 
tortion in i/2-in. plate, and the ballistic results ap- 
proached those of regular 1/2-in. face-hardened 
armor, In J-in. flame-softened plate, there was little 
distortion, and plates tested with caliber 0.50 AP 
M2 projectiles at normal impact were as good as the 
usual carburized face-hardened armor. In I'/i-in. 
plate, it does not appear feasible to soften in this 
manner a depth sufficient to avoid back spalls. 

Thus flame softening appears better than flame 
hardening. Flame softening may be useful on i/j-in. 
armor if some warping is not objectionable. It ap- 
pears to have distinct possibilities for 1-in. armor, 
although the process does not seem applicable to 
plate much thicker than 1 inch. 

Another method of producing hard surface on 
plate without changing its composition was investi- 
gated by the Buick Motor Division of General 
Motors Corporation on Project NRC-24 (OD-71), 
The Development of a Process for Manufacturing 
and Welding Face-Hardened Armor Plate. In this 
method, two plates placed back to back were 
welded together around the edges, heated to the 
quenching temperature, quenched in brine, tem- 
pered at 400 F, and then cut apart. Steels were 
chosen of such hardenability that only the faces of 
the plates toward the quench were hardened, while 
the backs remain unhardencd. A simultaneous ob- 
jective of this investigation was to use steel of plain 
carbon composition in which the hardenability is 
regulated by raising the manganese content as the 
plate thickness is increased, and, in order to use as 
little manganese as possible, to induce hardenabil- 
ity by the use of boron in finishing of the heat, thus 
conserving critical alloys. 

Encouraging results, initially obtained for two 
small i/2-in. plates of 0.40% C, 0.85% Mn, and 
0.20% Si boron-treated steel, were the basis for an 
arrangement to investigate the proposed differential 
quenching process. Attempts to produce plates of 
the size r     n'red for ballistic testing produced dif- 
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ficultics and diKordani results, neither i/^-in. nor 
lin. diiferentialiy quenched platt.- being produced 
in these larger si/t» that jmu-d ballistic rcquirc- 
nientv Few approadicd the rcquiretnent as to resis- 
tance to penetration, and, en those ivhich did, back 
spaliing was excessive, it was finally concluded that 
ihe pcarlitic structure of the unhardened back of the 
plate was inherently unadapled to resist spalling,"4 

The Buick Motor Division on Project NRC-30 
{OI)-7'l), Development of Processes for the Manu- 
fad tiring and Welding of Case-Carburi/ed Armor 
Plate bom Non-Alloy .Steels, also investigated a 
process for case-carbuming armor plate in an effort 
lo develop satisfactory armor wit!» the use of boron- 
treated plain carbon or low-alloy steels. 

In this investigation, gas carburi/ing with proper 
control of die carburizihg atmosphere was used 10 
produce a lower carbon case than is normally ob- 
tained by «arburi/ing with solid carburi/crs. A wide- 
variety of case depth and modifications in carburi/.- 
isg times ant! dtlffusion times were investigated. At 
the time this research was undertaken, the conser- 
vation of critical »Uoying elements was still highly 
im|K)rtant, so the u .e of manganese and boron treat- 
mem or of Mime of the low-alloy National Emer- 
gency [NE] steels, whose alloy content is derived 
chiefly from scrap, were studied. The work was con- 
centrated on light armor. The steels chiefly used 
were the plain carbon type with 0.16% C, 0.76% 
Mn. boron-treated, and the NE 941^20 type contain- 
ing 0.20% C, 1.0% Mn, 0.50% Si, 0.30% Ni. 0.30% 
Cr, and 0.10% Mo with boron irüatment. 

The latter steel, gas carburized and then given a 
diffusion treatment an a neutral atmosphere, had a 
carbon content of about I per cent at the face, with 
the case depth extending about half the thickness 
of %-in. plate. Stsch plate gave ballistic results 
equivalent to those required for somewhat thicker 
plate with no spiling. These promising results led 
to an extension of the work to aircraft armor and 
ammunition test plate using 14-, %-, yr. and tyj-in. 
thicknesses, the steel chosen being NE BfiTI? type 
(0.17% C 0.80% Mn. 0.30% Si, 0.15% Ni, 0.50%, 

Cr. 0,20% Mo. borontreaied). After gas carburizing 
a» "' tempering at 325 F for 2 hours, ail the plates 
»bowed excellent resistance to penetration but were 
marginal in shock test. 

A scrips of regular commercial-grade face-hard- 
ened armor plate with about 4 per cent nickel and 
another series of plates of NE 86T17 and 86T20 

steel were prepared and sent to Aberdeen Proving 
Ground for testing at normal and sub-zero temper- 
atures. Both series had plate in the four thicknesses 
mentioned above with case depths of 25 and 40 per 
cent of the plate thickness. The results of the room- 
temperature test indicated that with the NE 86T17 
and 86T2Ö analyses satisfactory resistance to pene- 
tration ran be obtained, but the general shock 
and pcnefation-through-plate characteristics were 
either l«)t cfllnc or definitely below the require- 
ments of .qicJfication ANO.S-2. The low-tempera- 
lure lest brought about a very marked decrease in 
the shock properties of this armor with plates fail- 
ing to meet ballistic requirements by more than 
700 fps. 

On the other hand, regular commercial-grade 
face-hardened armor gave excellent shock and pene- 
tration ihrough plate results at both normal and 
sub-zero temperatures. Their resistance to penetra- 
tion also was fairly high for this s   el. 

It appears that the NE 86T17 and NE 86T20 
steels arc not suitable for processing armor under 
S|>fcification ANrKS-2 using the treatment em- 
ployed.«»-«« 

In somewhat analogous fashion, work was con- 
ducted at Battelle Memorial Institute aimed at in- 
creasing the toughness of the case on face-hardened 
armor by holding down the surface carbon in ordi- 
nary pack carburizing.87 This work was part of 
Project NRC-H (OD-87), Improvement of Low- 
Alloy Armor Steels. Some earlier work suggested 
ihai additions of fcrrosilicon to the carburizing 
compound would result in lower surface carbon in 
the case. In tests of this on armor steels, erratic 
results were obtained, and it apjK-ared that the fcr- 
rosilicon was acting as a diluent just as so much 
magnesia or silica flour does. However, when 
both fcrrosilicon or silicon carbide and certain 
chlorides, especially nickel chloride or chromium 
chloride, were added, a rcduclion in surface carbon 
was obtained. The chlorides alone were energlzers. 
and in 8 hours at 1700 F carburizing witnout the 
silicon compound they produced surface carbon 
contents of 1 to 1.10 per cent. With the silicon com- 
pound, the surface carbon could be held down to 
0.45 to 0.90 per cent carbon as desired. 

In effect, this process eliminates the need for a 
diffusion treatment to lower the maximum carbon 
conicut of the case after the carburizing cycle. Since 
appreciable lowering of the carbon content can be 
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accomplished without reducing the hardness of the 
case, it is thus conceivable that the ductiHty and 
toughness of the case could be decidedly improved 
without any sacrifice of ballistic properties. No bal- 
listic tests were carried out, however, on plates so 
carbuii/td. 

2-s~ Low-AlEoy Homogeneous Armor Stee! 

As part of Project NRC-14, Improvement of Low- 
Alloy Armor Steels, the literature and patents were 
surveyed for information regarding the use of small 
additions of various elements or alloys to improve 
certain qualities of steel. The object of this survey 
was to determine whether or not any of these mate- 
rials could be used to improve the ballistic proper- 
lies of the armor steels or to reduce their alloy 
content with no reduction in ballistic properties. 
As a result of this survey, a large number of tests 
were made of various additions. A list of these ad- 
dition agents includes boron, aluminum, silicon, 
tellurium, calcium, selenium, titanium, Columbian, 
lithium, zirconium, nitrogen, and a number of pro- 
prietary alloy additions of complex analyses.88-8Ü' 
00,01 

Outside of the boron addition, none of the treat- 
ments were outstanding in their effects, although 
several of them contributed minor improvements. 
Zirconium, for instance, gave a deCmite boost to the 
depth hardening properties, although it seemed to 
decrease the notched bar toughness. On the basis of 
these preliminary tests, it was decided to discon- 
tinue further study on all other treatments and to 
concentrate on an investigation of boron in armor 
steels. 

INVKSTIGATION OF BORON IN ARMOR PLATE 

The amount of boron required to increase mate- 
rially the hardenability of an already somewhat 
hardenablc steel is almost unbelievably small. The 
proper amount to add is considered never to be 
over 0.007 per cent. Peacetime commercial experi- 
ence with lx>rnn su^ls was sufficient to justify much 
hope but too meager to supply all of the answers to 
the questions that must be answered before the 
boron-treated steels could be adopted for armor. 
Not al! ai.c'inpis to confer hardenability by boron 
treatment were successful. The mechanism by 
which boron confers hardenability is not under- 
stood, and. while the conventional metallurgical 

tests for mechanical properties had been made on 
many boron-treated steels that were mechanically 
equivalent to more highly alloyed steels without 
the treatment, there was little experience with them 
in various types of severe service, and none at all 
in armor. The various unknowns in respect to 
boron-treated steels, therefore, became the basis for 
investigations to determine the actual possibilities 
and limitations of these steels in order to establish 
confidence in their use. The problems directly re- 
lated to armor were of great interest to the Army 
Ordnance Department, and several projects were 
set up to bring out the unknown facts. 

A study of the influence of boron on some of the 
properties of experimental and commercial steels 
was carried out at the National Bureau of Stand- 
ards under Project NRC-IJI (OD-87), investigation 
of Boron in Armor Plate. The results of this inves- 
tigation are summarized in a series of progress re- 
ports covering a period of two years of work on the 
following subjects: 

1. Influence of variations in boron, carbon, and 
manganese contents on some properties of steels for 
armor plate and other military applications.0- 

2. Influence of variations in boron, carbon, and 
manganese contents on the weldability of steel for 
armor plate and other military applications."" 

3. Influence of nitrogen on some properties of 
steels with and without boron and titanium addi- 
tions.04 

4. Influence of variations in boron, composition 
of ferro-alloys used for making boron additions and 
deoxidhtion practice on some properties of experi- 
mental steels containing 0.3% carbon and 1.6% 
manganeso.015 

5. Influence of boron and nickel on some proper- 
tics of expcrimemal steels containing 0.3% carbon 
and 0.8% manganese.90 

6. Influence of boron and chromium on some- 
properties of experimental steels containing 0.3% 
carbon and 0.8%, 1.25%, or 1.6% manganese."7 

7. Influence of nitrogen on some properties of 
experimental steels without and with boron.08 

8. Influence of boron on sotnc properties of ex- 
perimental steels containing nickel and chromium."" 

9. Influence of variations in boron and composi- 
tion of ferro-alloys used for making boron addi- 
tions on some properties of basic open-hearth steels 
containing 0.4% carbon and 1.6% manganese.100 

The final report on this project covered an in- 
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vcsugalion of boron in armor plate dealing with ihr 
influence of boron on some properties of experi- 
mental Metis containing OJ"; carbon and varying 
araounu of inanganesc. chromium, ami molyb- 
demim."" 

Test« were made on approximately 250 experl 
mental and 20 commercial steels. All of the experi- 
mental steds wore prepared at Baltelle Memorial 
Institute on Project NRC-31A. In the work at the 
National Bureau of Standard» it was shown that 
variation» from nil to O.IMM» per eenl boron addi- 
tion» made with intensilicrs either with or without 
grain refining elements had no significanl influence 
on the (ollowing propertio of the stcols: (1) clean- 
liness. (2) hot working. (S) transformation tempera- 
ture, (4) resistance to sofiening by tempering, and 
(5) tensile strength when the steels were fully hard- 

ened and tempered, exeept  possibh   in  improve- 
ment in ductility when tempered at low tempera- 
tures. Although boron lowered the coarsening tem- 
perature of austenite,  steels with relatively  high 
additions of boron could be rendered fine grained 
at heat-treating temperatures by the judicious use 
of grain-growth inhibitors such as alumimim. titan- 
ium, /irconium, and vanadium. It wa* shown that 
the influence of boron on hardufidbiiity and notch 
töughneu varied with the base composition of the 
steel», the composition of the intensiven, and the 
amount of boron present. Small amounts of boron 
were often Inmeiieial to notch toughness at room 
lenijwrature when the steels were fully hardened and 
tempered at low temneratures, When tempered at 
high tempenuurcs, however, the presence of boron 
in steel, especially when added in relatively high 
amounts as intensifiei!» containing titanium, was 
usually either without effect or was detrimental to 
notch toughness at room and sub-zero temperatures. 

The hardenabilily of many of the experimental 
steels prepared in an induction furnace and of all 
the steels comprising a basic open-hearth heat was 
markedly improved by additions of boron. How 
ever, no definite correlation was found between the 
hardenabilily eiieu and the amount of Isoron added 
or retained in the steel». In many oi the cx|>crimcn- 
tal tteeb, the optimum hardenabilily was obtained 
with small addition» of tHtron  (0.001 [»er cent or 
les»), while in other steels the hatdcnability in- 
creased continuously with increasing boron content. 
In »til! other steels, the addition of boron, cither a» 
a simple or a» a compkx ferro-alloy or intensificr, 
wa» without cllect on hardenability. In general, rr- 

iatively smal! addition» were more effective than 
large. The complex intensificr» were more effective 
than the simple ones, and the improvement in 
hardenabilily was not so critically dependent upon 
the amount present when the additions were made 
with a complex intensifter. 

The effectiveness of boron in improving the hard- 
enabilily of the experimental steels increased with 
increased amounts of element» that conferred deep 
hardening properties, such as manganese, chrom- 
ium, and molybdenum. 

A progress report on the endurance properties of 
basic open-hearth steel containing 0>4% carbon and 
1.0% manganese without and with boron additions 
contains the results of additional work done at Bat- 
teile Memorial Instituteon Project NRC-SIA. This 
report198 covers the endurance properties of three 
steels from the special commercial addition agent 
Heat No. 126405, Army Research and Development 
No. R.A.D.-IMS. Two of the steels were treated in 
the mold with proprietary horon-con'aining alloy», 
while the third was a reference steel from the same 
heat containing no boron. This work was designed 
to supplement that conducted at the National Bu- 
reau of Standardn on physical properties of steels 
from the same heat which was summarized in a prog- 
ress re|)ort cited earlier.1"0 The endurance properties 
of boron-treated steel were comparable to those of 
the reference steel when tempered to the same hard- 
ness value, thus indicating that boron had no meas- 
urable effect on the endurance properties. 

Further information on boron is contained in a 
War Metallurgy Committee advisory report entitled 
Bourn in Steel.™3 This report is a very interesting 
presentation of the state of the knowledge in this 
field in 1942. It contains a comprehensive statement 
of the history of the use and effect of boron in steel. 

A final report on the improvement in low alloy 
armor steels dealing with boron in steel of armor 
composition,i0-* contains also the results of an inves 
tigation of boron as an alloy in steel. The investiga- 
tion was part of the program of Project NRC-14 
(OD-87) and covered the use of boron in armor steel 
but more specifically its use as a substitute for molyb- 
denum. About the time the work got under way, 
the use of molybdenum was drastically restricted, 
and it seemed appropriate, in view of the proba- 
bility of a continued shortage, to limi« die investi- 
gation of boron as an alloy to its possible use as a 
siil)stitutc for molybdenum. The results show that 
boron can be substituted for a much larger quan- 
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thy ul molybdenum us far as hardcnabilily gcK's, 
but it does not have the specific effect of molybde- 
num ia mitigating temper brittlcncas. It docs not 
iower the critical temperature and the quenching 
temperature as nickel does, bui that is not very im- 
portant. On the whole, amounts ok" nickei, molyb- 
denum, and chromium well worth saving can be 
replaced by a tiny amount of boron on the basis of 
mechanical test results. 

The presumption is, therefore, that the much tie- 
sired avoidance of slack quenching in the interior 
of relative heavy armor can be achieved by boron 
treatment up to thicknesses that would require ex- 
cessive amounts of the usual alloying elements. 
Depending somewhat upon the quenching tech- 
nique, there is, of course, a maximum thickness be- 
yond which no combination of elements, whether 
or not assisted by boron, can achieve avoidance of 
slack quenching, and structures less desirable than 
tempered martensite have to be put up with. How 
useful boron may be in very heavy armor that can- 
not be given any but a slack quench structure re- 
mains to be evaluated. 

The use of boion in steels suitable for 3- to 6-in. 
cast armor was also investigated.105 A fairly com- 
prehensive testing program was conducted on mate- 
rial cast into 6-in. plate to investigate the use of 
boron m steels of armor composition and to deter- 
mine the effects of variations in deoxidation treat- 
ment on the boron effect. Boron did enhance the 
hardenabilily of these steels without increasing 
their susceptibility to quench cracking or to temper 
brittlcness, and, so far as could be determined, con- 
ferred no undesirable characteristics. A deoxidation 
treatment with aluminum seemed to give consis- 
tent and better results than were obtained when 
titanium was used prior to the boron addition. 

The studies of the use of boron for reducing the 
alloying elements in aimer steel without sacrificing 
ballistic properties bore out the fact that armor 
with relatively low alloy content but with the 
boron treatment would be equivalent to armor 
richer in alloy content. 

An inquiry to Watcrtown Arsenal brought out 
the fact that boron additions used by some produc- 
ertt had not been consistently reported, but that in 
so far as segregation can be made, 1/2-in, and li/2-in. 
rolled homogeneous armor steels with higher molyb- 
denum and no boron and those with lower molyb- 
denum and a boron addition are indistinguishable 
in ballistic tests. Some producers of rolled armor 

made effective voluntary use of boron to insure 
hardenability in alloy-por- compositions that would 
otherwise be on the borderline of hardenability. 
With the information now available, a much greater 
saving of alloy than was actually accomplished 
would now be feasible. Producers of cast armor do 
not seem to have made much use of boron, as their 
understanding of its use seems, in general, to be 
less than is the case with steel mills. 

As a further step toward conserving strategic al- 
loying elements by employing boron in alloy-free 
or low-alloy steels, the Buick Motor Division of 
General Motors Corporation carried out Project 
NRC-29, Development of Processes for the Manu- 
facturing and Welding of Homogeneous Armor 
Plate from Non-Alloy Steels. The basic idea again 
was the saving of strategic alloying elements by us- 
ing alloy-free or low-alloy steels whose hardenabil- 
ity had been augmented by boron treatment. The 
project dealt with homogeneous plate from 14 in. 
to 1 in. thick, both in the machinable and high- 
hardness grade.100«107 

Using steel of about 0.27% carbon, 1.15% man- 
ganese, plus an addition ot boron, it was 
found possible to produce 14-in. plate with satisfac- 
tory ballistic performance, but it was difficult to 
secure both resistance to penetration and freedom 
from spalling. Commercial variations in hardenabil- 
ity mad" it doubtful if uniformly high quality could 
be readily maintained in production. Attention 
was, therefore, shifted to steel with a greater mar- 
gin of hardenability, such as steel with 0.-15% 
carbon, 1.5% manganese, which was boron treated. 
Satisfactory i/2-in. ami ^-in. plates were produced 
from this steel, but a higher resistance to penetration 
would have been desirable. When the scrap situation 
became favorable for making the triple alloy type 
of National Emergency steel, attention was centcied 
on the NE 9430 type without and with boron treat- 
ment. The non-boron-treated NE 9430 steel gave 
satisfactory i/^-in. plate, and the boron-treated steel 
of the same type gave satisfactory 1-in. plate. These 
steels were later put into production. 

INVESTIGATIONS ON THE EFFECTS OF GASEOUS 

ELEMENTS IN AKMOR PLATE 

Although it is known that the common gases, 
nitrogen and hydrogen, may have a material effect 
on the quality of steel, analysis for these elements 
is seldom made because of difficulties involved in 
the analytical method. In armor plate, where every 

CONFIDENTIAL 



a ARMOR 

mi/aiis c»f improving quality is of paramount iinj)or- 
lame, thf role played by the gases becomes of spe- 
cial interest. Obviously, any information leading to 
a greater appreciation of the importance of oxygen, 
nitrogen, and hydrogen would uitimately lead to 
better armor."M This problem was rerommended 
lor study by the NOIlC ad hoc Committee on Ar- 
mor Plate." Therefore in Project NRC-4 (OD- 
38-2). Effects of Hydrogen, Nitrogen and Oxygen in 
Armor Plate, established at Battdlc Memorial Insti- 
tute, it was planned to make a study of these gases 
from the standpoint of their influence upon ballistic 
propertia. One of the methods used to attack this 
problem was to carry out direct analyses of annor 
plate samples in an effort to obtain some correlation 
between the gas content and ballistic properties. A 
considerable number of fractional vacuum fusion 
analyses wen? made on rolled and caat commercial 
armor plate represeming ballUtically satisfactory 
and unsatisfactory material,108 Neiihcr hydrogen 
nor nitrogen values could be correlated with ballis- 
tic properties. It was found that rolled plate which 
failed because of back spiling tended to have 
higher oxygen content than satisfactory plate. In 
cast steels, the oxygen content was found to be 
roughly related to inclusion type. Cast plates of low 
oxygen content generally contained duplex sul- 
phides. When the oxygen content was relatively 
high, the inclusions were globuhir silicates and sul- 
phides. The network or eutectic-type inclusions 
which le&d to inferior ductility, low notch tough- 
ness, and generally |*öor ballistic properties prt- 
vaiied whin intermediate oxygen contents we>c en- 
countered. Residual aluminum contents were found 
to vary inversely with the total oxygen values as 
would be expected from the nature of the non- 
metallic inclusions. 

In early studies on this project, a peculiar inter- 
crystalline type of fraaure was observed in several 
samples of commercial cast armor. It was noted that 
the elongation and reduction of area values of steel 
exhibiting this type of fracture were abnormally 
low, which is tantamount to saying that the steel 
had poor ballistic properties. The contour of a frac- 
ture suggested that the failure occurred through 
regions that were originally the primary austcnite 
grain boundaries. Careful examination of a sample 
under the microäcopc revealed the presence of a 
chain of nonmeialüc particles which were extremely 
small in sue and became apparent only at magni- 

fication of 1,000 diameters or more. The aluminum 
content of the steel was noted to be somewhat 
greater than normally found where aluminum is 
used simply for the purpose of deoxidation. Fur- 
thermore, analyses showed tiiat the steel contained 
a higher than normal nitrogen content. Experi- 
ments were undertaken which gave conclusive evi- 
dence that the presence o« aluminum nitride was 
the cause of the intergranular precipitate in the 
samples of commercial armor examined.'10 The 
amount of the intergranular precipitate found in 
the steel increased with the amount of aluminum 
used lor deoxidation, with the nitrogen content of 
the melt, and with a decrease in the cooling rate 
following casting. 

As the experimental work on improvement in ar- 
mor proceeded, additional examples of intergran- 
ular fractures were received from various producers 
of armor plate, and, upon their examination, it be- 
came apparent that a number of different conditions 
could cause such fractures. Various causes of inter- 
granular fracture met with on Project NRC-14 are 
presented in a report, on the causes of intergranular 
fiacture in cast armor plate. The following causes 
are now recognized: (1) aluminum nitride precipi- 
tation at the primary grain boundaries, (2) feifitc 
precipitation as a network at the primary grain 
boundaries, (3) massive carbides in the primary grain 
boundaries, (4) extreme cases of Type II sulphide 
inclusions, and (5) internal hot tears. Of these., the 
prime cause was found to be aluminum nitride pre- 
cipitation at the primary austcnite grain boundaries. 
The information found in these investigations was 
med in overcoming intergranular fracture problems 
in a number of foundries producing cast armor. 

INVESTIGATIONS OF STRUCTURE IN 
HOMOGENEOUS ARMOR 

During the early periods of World War II, ques- 
tions arme as to the effect on ballistic properties of 
the various structural constituents formed during 
the quenching of armor plate. Investigations soon 
showed that «he effectiveness of the quench was all 
important. Examination of a large number of speci- 
mens of commercial armor plate revealed that some 
producers did not always obtain full hardening, 
with the result that some ferritc, pcarlite. or bainitc, 
or combinations of these constituents were present 
after the quench. At the recommendation of the 
NDRC ad hoc Armor Plate Committee™ a study 
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was umlmaken IU Battdlc Mcnional Institute with 
the intention of determining the effects of micro- 
structure on the ballistic limit and shock resistance 
of armor plate. Tim work constituted the program 
for Project NRC-5 (OD-83), Correlation of Metal- 
lographie Structures and Hardness Limit in Armor 
Plate. The final reports on this project covered the 
effects of austcnitc transformation prodiu ts on bal- 
listic properties,11- the correlation of microstrui:- 
ture and ballistic properties,113 and analyses of 
problems presented by individual producers.113 

In a study of the effects of austenite transforma- 
tion products on ballistic properties, J/g-in. rolled 
armor from a single heat was received and was 
given the three general types of heat treatment: (I) 
full quench followed by tempering to the desired 
hardness, (2) intercritical quench followed by tem- 
pering to the desired hardness, and (3) subcritical 
quench in molten lead. After heat treatment, the 
plates were sent to Waterfown Arsenal for ballistic 
testing and were then returned for physical testing 
and  mctallographical examination. While,  for a 
given hardness, ferrite was shown to have no effect 
on the ballistic limit, it lowers the resistance to back 
spalling and causes back spalling to occur at a loiv 
hardness  value.   Plates  which  were  isothermally 
treated to produce bainite and a small amount of 
uniform network of ferrite have higher ballistic 
limits for a given hardness than fully quenched and 
t«inpcred plate. The fact that isothermal quenching 
of armor has a serious limitation in that it can be 
applied at the present time only to thin plate is dis- 
couraging to any attempt to develop isothermally 
transformed armor plate commercially. 

In connection with the correlation of micrcstruc- 
ture and ballistic properties, metallcgraphic speci- 
mens from a large number of cast and rolled 
ballistic test plates ranging from 1 to 2 in. in thick- 
ness were carefully examined from surface to core 
to note the character of the matrix structure and 
the inclusions. Examples of both acceptable and 
unacceptable plates were represented. This investi- 
gation disclosed that failure by cracking occurs 
most frequently in plates having excessive amounts 
of free ferrite or excessive hardness, but that crack- 
ing failures are reduced when the ferrite is fortified 
by such ferrite strengtheners as copper or silicon. 
Hardcnability data indicated that poor quenching 
technique is an important factor in the appearance 
of free ferrite. 

In addition to excessive ferrite, nonhomogeneous 
microstructure and excessive amounts of porosity or 
nonmctallic inclusions were shown to be undesir- 
able and detrimental to ballistic properties. 

Attempts to produce, by controlled heat treat- 
ment, various types of metallographic structures in 
plates substantiated evidence that, for ease of manip- 
ulation and best results, a full quench followed 
by tempering to the desired hardness gave the best 
type of microstructure for resistance to ballistic 
ptuetration and shock. 

In examining a limited number of spalled and 
cracked plates of rolled armor, it was observed that 
the spalled plates contained much larger oxide in- 
clusions than either the cracked or satisfactory 
plates, while banding also was found in many of 
the spalled plates. On the other hand, cracked 
plates showed a much greater drop in notched-bar 
toughnesj; when the testing temperature was low- 
ered from room temperature to —40 F than did 
either the spalled or satisfactory plates. The cracked 
plates contained much more ferrite at the core and 
were softer at the core than the satisfactory plate, 
whereas the spalled plates helo a position interme- 
diate to the satisfactory and cracked plates with re- 
spect to hardness and ferrite contents of the core. 

Inasmuch as proper microstructure is a requisite 
for good armor plate, the extent to which heat 
treating variables affect the microstructure and 
mechanical properties of low-alloy armor steel was 
investigated under Project NRC-14 (OD-87), Im- 
provements of Low-Alloy Armor Steels. 

The purpose of the study was to determine the 
importance of heating rate, holding temperature, 
and holding time prior to the quench, and cooling 
rate during the quench on the microstructure and 
properties of 2-in. cast armor. Variations in heating 
rates, holding time, and holding temperature were 
found to be of little consequence in regard to aus- 
teniti/ing the steels and getting uniformity of tem- 
perature through the cross section, provided the 
holding temperature was above the Ac3 tempera- 
ture for the composition. Undesirable miaostruc- 
tures appeared more likely to form as the result of 
improper handling in the quench. 

Tensile test bars that were heat treated to pro- 
duce 100 per cent martensite in the quenched struc- 
ture as well as being heat treated to other types of 
struc'ure indicated that the best combination of 
strength and ductility is obtained in those bars con- 
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»idling nl KM) JRT cent laariemite. Any variation of 
ihit »irutmif resulted in lower ductility with the 
decresui* in 'luttiliiy being proportional to die 
anioum ol fenite present in the microstructure. In- 
creasing the holding time ami holding temperature 
was found to be iK'ncfuial in the case of steels con- 
taining carbides which inherently an; difficult to 
dissolve in austenitc.114 

Hl.AI TWRATMENT AND MECHANICAL PROPERTIES Of 
LovvAi l.OV HOMOOKNEOUS AR.MOR 

It was cotnnion practice to homogenize the hetero- 
geneous  coarse-grained  structure  developed  dur- 
ing the solidilication of hoiiK^eneous cast armor 
OII the awumpcion that the treatment refined the 
grain, dif'uücd segrcgsicd areas resulting from the 
ilendritic mode oj freezing, and improved the me- 

< hanital properties, particularly ductility and tough- 
ness. The homogenizing heat treatment is generally 
tarried out  at  temperatures considerably higher 
than those used for normal heat treating practice, 
but there was no consistency among producers of 
cast aimor in regard to cither the temperature or 
the houiing lime at temperature used. It was not 
unusual to find one steel foundry homogenizing at 
1700 F for i hours and another at 200C F for 10 
hours for castings of the same section size. The im- 
plication derived from this decided lack of uniform- 
ity in homogenizing heat treating practice was that 
there is no unanimity of opinion in the cast steel 
industry icgardins Ute value «if homogenizing. H 
it were true that a diaslh heat trcatsnent of many 
hours at high temjicraturc is necessary, then those 
who employed  lower  tcm|«;ratures  and  shorter 
holding tinws were not realizing the maximum 
properties ltou\ their armor. On the other hand, 
if there were no particular advantage in going to 
higher icm|M:rati9ie» ^nd longer hok'mg tinu«, »r 
if the advantage was so slight that a minor adjust- 
ment in composition would oompeitsate for it, then 
the drastic heat treatment could be curtailed in 
order lo save time and heat treating capacity. 

When the immediate importance of this problem 
to the casi armor producers was recognized, an 
extensive survey ol tlw homogenizing heat treat- 
ment was undenaken at Battelle Memorial Institute 
as part of rroject NRC-14 in order to obtain a 
Utter understanding of the value of homogeniza- 
tton and to accumulate data thai would be useful 
to the cast steel producci's in governing their heat 

treating practice. Cast armor plates submitted by 
five producers were examined carefully after being 
given various homogenizing heat treatments. 

No significant effects or trends from the homo- 
genizing treatment were observed on the austenitic 
grain size, hardenability, notched bar toughness, 
or V-notched Chärpy at room and subatmospheric 
temperatures, temper brittlencss susceptibility, 01 
tensile properties. The properties of unhomogen- 
i^ed speii've"^ Wfe generally equivalent to those 
from homogenized material. Successive increases in 
homogenizing temperature or holding lime brought 
about a gradual diffusion of the dciuü itic pattern on 
etched macrospecimens. However, even the most 
drastric heal treatment did not obliterate this struc- 
ture. It was generally concluded that, in the steels 
examined,   the  various  homogenizing  treatments 
produced no appreciable change in the characteris- 
tics of the hardened and tempered specimens and 
that true homogenization can be effected only by 
holding the steels at temperature in excess of 2200 F. 

On the other hand, work described in a report 
on the causes of quench cracking in cast armor 
steel1'5 showed that a decrease in quench-crack sus- 
ceptibility accompanied the substitution of homo- 
genizing pretreatment for a normalizing treatment. 
A homogenizing treatment of 8 hours at 2300 F was 
pardcularly effective in decreasing the quench-crack 
susceptibility. 

In line with the investigation of quench cracking 
in cast armor steel, a test was developed for mea- 
suring the quench-crack susceptibility of fully 
hardened cast armor plate. Quench-crack suscep- 
tibility as measured by the test was influenced 
greatly by the composiüon of the armor. Steels with 
less than 0.25 \ier cent carbon seemed not to be 
immune to quench cracking, but quench-ciack sus- 
ceptibility increased rapidly as the carbon content 
increased from 0.25 to 0.35 per cent. Quench-crack 
susceptibility also increased with increasing nickel, 
chvomium, manganese, and phosphorus contents, 
but no effects were observed for variations in silicon, 
sulphur, molybdenum, or boron contents, or in the 
percentage of added aluminum. On the other hand, 
increases in the time at the austcnitizing tempera- 
ture and a decrease in the quenching temperature 
reduced the quench-crack susceptibility. 

Two possible factors influencing quench-crack 
susceptibility of steels arc the tcm|)cratures at which 
martensite is formed and the amount of expansion 
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involved in the transformation to martensite. To 
investigate this point, an attempt was made to de- 
velop a dilatometcr which would be sufficiently fast 
and sensitive enough to show the temperature and 
expansion of the martensite transformation. This 
investigation was part of Projett NRC-14, and the 
results are described in two reports on the determi- 
nation of martensite transformation points11" and 
the continuation of dilatometric studies of armor 
with respect to quench cracking.11'' 

For this work, a high-speed dilatometer, using 
strain gages to register dilation, was designed and 
built. Difficulties with the drift of the zero point of 
the insuutnent and difficulties encountered with a 
switching device in the electrical circuit were obsta- 
cles to the satisfactory performance of the instru- 
ment. Martensite transformation points, however, 
wc^e determined for a number of steels from cool- 
ing curves obtained with part of the dilatometer 
apparatus. 

In the production of the cast armor, it was recog- 

the average, cast steels were at lower hardcnability 
than wrought steels of the same analyses.11M 

The relationships between chemical composition, 
mechanical   properties,   tempering  charaxteiistics, 
and hardcnability of cast steels of armor composi- 
tions was investigated by the American Brake Shoe 
Company   under   Correlation   Project   NRC-83A, 
Hardenability of Cast Steels for Use in Ordnance 
Materiel. This project was financed by the com- 
pany and carried out under the general supervision 
of the War  Metallurgy  Committee. The depth- 
hardening characteristics of the cast steels were de- 
termined, employing single am! double end-quench 
tests to show the effect on hardcnability of several 
alloying elements in several base compositions. It 
was pointed out, however, that other variables be- 
side   compositional   changes   may   effect   inherent 
hardenability. In castings, for example, it was evi- 
dent that the cast section size may exert considerable 
inlluence. Melting and deoxidation practices also 
were considered significant, while segregation was 

nized that variations in physical properties of ;teel    recognized as a variable of particular importance. 
are associated with melting and deoxidation prac- 
tice as well as with variations in heat treatment. 
Since no universal melting practice is employed 
among the foundries manufacturing cast armor, 
and since a number of foundries unacquainted with 
its production were encouraged to enter the field 
without adequate knowledge of the problems in- 
volved, investigations were undertaken under Proj- 
ect NRC-M to assist the uninformed foundries by 
investigating some of the variables in melting prac- 
tice which have an effect on the quality of cast 
armor. Several types of melting practice were ex- 
amined in both acid-lined and basic-lined electric 
furnaces. The sulphur content itself or the sulphide 
distribution appeared to be the principal variable 

For all practical purposes, the data confirmed the 
hypothesis that different alloy combinations had 
little effect upon the usual mechanical properties 
of fully hardened and tempered cast steeis. There 
ivas some indication that over alloying, as repre- 
sented by greater hardenability than needed for full 
hardening, may result in a slight impairment in 
properties, particularly by lowering the reduction 
of area. The iniluence of several alloying elements 
upon resistance to tempering also was examined in 
this investigation. As would be expected, the in- 
creased resistance to softening, evidenced by the 
higher temperature required to temper to a known 
Brinell hardness value, was associated with steels 
containing  the  strong  carbide-forming  elements. 

controlled by the melting operation which affected    chromium and molybdenum.1 ^ 
the physical and notched bar properties of the steel. 
When the sulphur content increased or the sul- 
phide inclusions were distributed along grain 
boundaries, the toughness decreased as it did also 
with increased amounts of inclusions and in the 

Producers of armor plate exercise a certain 
amount of choice in deciding the tempering time 
and tempering temperature to be used in meeting 
a hardness specification. The fact that different pro- 
ducers do make use of different practices in obtain- 

presence of the aluminum-nitride precipitate. As a ing the same hardness in armor plate led to the 
general rule, acid cast steels were inferior in prop- question of whether any advantage in mechanical 
erties to basic steels, though much of the difference properties could be assigned to a particular tern- 
probably resulted from the higher sulphur content pering practice. O'Jher questions arose as to effect 
in the acid steels. The hardenability of ithe steels on the mechanical properties, particularly notched 
examined was found to vary over a greater range bar strength and temper brittleness, of replacing 
than could be accounted for by their chemistry. On molybdenum with boron. An investigation wad un- 
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(Iciiakrn. therefCMTC, a^ part of Project NRC-14, Im- 
provcHicnt of lj>w-A\loy Armor Steels, to study the 
etfitl of tcmprriiig practitf on mcthatiita! proper- 
ties of a number of low-alloy armor plate compmi- 
iiitm. The »teeh testet» were Jully hardened and 
then u-mpered to within the range of about 200 to 
400 Brincil. The results are contained in one of the 
final reports. It was shown that tempering practice 
involving cither time, temperature, or cooling rate 
after tempering does not effect cither tensile 
strength, yield point, elongation, or reduction of 
area, except, in so far as the tempering practice 
»»muUawomly affects the Brincil hardness.1-'" An 
excellent correlation was obäcrvcd between Brinel! 
hardnc** and either tensile strength, yield point, or 
dongatio.»!, and a less pronounced though still good 
correlation was found to odst between Brincil hard- 
ness and reduction of area. 

Tempering practice had, however, a very definite 
effect on the V-notch Charpy values of those steels 
subject to temper brittleness. Short draw times fol- 
lowed by water quenching produced the best 
Osarpy values in steels subject to temper brittle- 
ness. The Charpy values obtained for steels not sub- 
ject to temper brittleness. that is, steels containing 
0.40 per cent motylnlenum. werr observed to corre- 
late with Brineii hardness almmt as well as did the 
tensile strength. 

Armor steel must retain a large percentage of 
toughness at sub-^ciro temperature. While the qual- 
ity of the steel and the heat treatment employed 
arc known to have a large effect on this property, 
the i y content of the steel must also be corsid- 
ereU. Nickel, for in-stance. has been advocated as a 
desirable element for promoting low-temperature 
toughness, particularly if used in amounts exceed- 
ing li/j per cent. Because some of the armor plate 
comptftitiom currently used during the war did not 
contain nickel as one of the specified elements but 
often contained appreciable quantities of residual 
nickel brought in through melting strap, considera- 
tion «as given to (he possibility of making gcod use 
of this residual nickel by adjusting its amount 
within a composition range that might contribute 
to the properties of the sf«*!. The jH^ibiliiies for 
obtaining some slight gain in the low<sem|ttrature 
toughnes* by employing nickel in such armor com- 
IMisitions that normaliy do not contain nickel con- 
stituted jvart of tht? program. 

While quantities of nickel up t* 1 per cent were 

employed in the mungancse-molybdcnum and the 
mangancse-chromium-molybdenum low-alloy armor 
compositions in thie investigation, no significant 
change in the toughness of these steels at low tem- 
[»eratufe as a result of the presence of nickel was 
found.121 

3'3-9 High'AHoy HG)in©geise»ai§ Aarmw Sseel 

The attainment of a martcmitic structure is not 
difficult normally provided sufficient alloy can be 
used, but because of past scarcities as well as for 
production and metallurgical reasons, die goal of 
100 per cent martensite after the quench has not 
always been an easy one to reach. In the early stages 
of armor plate research during Ute war, the lack of 
alloys and the restriction of the carbon content to a 
maximum of about 0.30 per cetu to avoid quench 
crack? and welding failures required that the steel 
be handled skillfully to obtain full hardening with 
the chosen composition. Alloys could not be used 
promiscuously, and compositions assigned to the 
heaviest sections were too rirh for use in lighter 
parts. In many ways though, the metallurgical prob- 
lems were straightforward, for, if the alloy require- 
ments of a plate of one size were knoxvn, it was not 
dilScult to make use of a hardenability test and a 
knowledge of cooling rale to ascertain the alloy re- 
quirements for a plate of another size. In terms of 
the isothermal transformation curves, the nose of 
the S-curve would have to be displaced one way or 
another to assure adequate hardenability with mini- 
roura alloy content foi the section concerned. 

These considerations were applicable to relatively 
light armor plate up to 2 incites in thickness. The 
fact that an analogous situation does not exist with 
armor plate of heavier sections is a basis of much 
research work covered during the latter part of 
World War II. Many complicating factors prevent 
the study of heavy armor plate from being similar 
in kind to that of the lighter sections. First of all, 
the cooling rates in the heavy sections are below the 
range of those considered heretofore for quench 
material. Consequently, it was necessary to deter- 
mine what these rates were. This was done by ex- 
trapolation of experimental results on sections rang- 
ing from 3 to o inches and by calculations making 
use of published tables on cooling rates in plates. 
A progrpM report on Project NRC-14, Improvement 
of Low-Alloy Armor Steels, summarizes the experi- 
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mental work, on heavy armor steels and records the 
experimental and calculated cooling rates at 700 F, 
1000 F, and 1300 F for plate thicknesses up to 10 
inches.'-- Details are given in an earlier report on 
the heating and cooling rates of heavy armor plate 
and the calibration of an air-cooled hardenabiiity 
specimen.1-3 

A  somewhat analogous investigation  was con- 
ducted at the Research Laboratories Division, Gen- 
eral  Motors Corporation, to determine accurate 
cooling rates at 1300 F between center and surface 
of various size rounds and plates when heated under 
different conditions of temperature and atmosphere 
and quenched in different media at various veloci- 
ties. The object of 'his investigation was to obtain 
a more accurate corrHation of cooling rates of 
rounds and plates with those of the standard end- 
quench hardenabiiity bar. While this project was 
not directed specifically toward armor pJate re- 
search, nevertheless the field covered was of direct 
value in interpreting the effect of the massiveness 
of the section involved in the heat treatment oi 
heavy armor plate. This work was conducted on 
Project NRC-55, Heat Treatment of National Emer- 
gency Steels for Use in Tanks, Combat Cars, Gun 
Mounts and Other Ordnance Matdriel. The progress 
.reports on this project contain a description of the 
scope of the project, the procedure, and equipment 
used,124 a discussion of the cooling curve recorder 
with sample curves and the methods for analyzing 
sample curves and the methods for analyzing the 
the data,125 and the cooling rates and cooling times 
in end-quench hardenabiiity test bars of four steel 
compositions.120 The  final report1-'7  summarizes 
all of the data on the project and contains cooling 
rates and cooling times for water-quenched rounds 
up to 4 inches in diameter and for S-in. plate speci- 
mens of NE 9445 steel. This project is also discussed 
in Section 9.4.5 of this ceport. 

In the production of heavy armor plate, 4 in. in 
thickness and greater, a knowledge of the harden- 
abiiity required to produce full hardening at the 
center of such massive plates was desirable. A spe- 
cial type of hardenabilhy specimen having a range 
in cooling rate below those of an end-quenched bar 
was developed123 as part of the program of Project 
NRC-H. 

The cooling Mte at 1300 F obtained with the spe- 
cial hardenabiiity bar ranged from about 5 to 1 de- 
gree F per second. The utility of this air-cooled 

hardenabiiity test bar was not so great as originally 
anticipated because, when testing 20 steels of heavy 
armor composition, not one changed by more than 
2 points Rockwell C between the slow- and fast- 
cooled end, and only one steel exhibited a conspicu- 
ous cuaugc in microstructure within the length of 
this special hardenabiiity bar. 

In heavy armor sections, Üie cooling rate on 
quenching at the center of the section is much 
slower than that of the slowest cooling location on 
the standard end-quench hardenabiiity specimens, 
and the amounts of dislocation of the isothermal 
S-curve produced by continuous cooling is unknown 
and unpredictable. An attempt was made to de- 
velop a more rational relationship between trans- 
formation during cooling and transformation at 
constant temperature. The results were intended 
to make possible predictions of the microstructure 
present at the center of heavy armor plate by using 
the isothermal transformation diagram of several 
proposed heavy armor plate analyses and by using 
the cooling data on heavy plate. 

In the investigation, five 0.3 per cent carbon alloy 
steels of various chromium contents were used.128 

Cooling was first closely approximated by constant 
cooling. With this treatment, it was found that 
from the Ae;j temperature down to about 1130 F 
the time spent at a given temperature divided by 
the time required for beginning isothermal trans- 
formation at that temperature may be regarded as a 
fraction of the nucleation period, and that when 
the sum of such fractions is equal to 1, nucleation 
begins. Temperatures from about 11S0 F to the Ms 
temperature constitute a distinct range that is not 
additive with the higher range mentioned. These 
findings were used as a basis of a mathematical ex- 
pression which permit calculation of the tempera- 
ture at which transformation begins during cooling. 
In checking the validity of the mathematical ex- 
pression by use of an end-quench bar, for which 
accurate cooling curves were available, it was found 
that the experimental data and calculated data dif- 
fered appreciably for two of the five steels. 

While the discrepancies that occurred between the 
experimental data and the calculated data can not 
he properly explained at present, there was some 
suggestion that stress may play a highly important 
role in beginning transformation. If stress is capable 
of affecting the decomposition of austenite to bain- 
he, ferrite. or psarlite, the subject becomes of con- 
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Uderilblc! practical interest since present-day use of 
iwthettnai transforniation curves and end-<juenth 
hardenability data do not consider stress as a trans- 
formation variable. The effect of stress and strain 
an the isoihennal tramforiimitin of austenite, 
therefore, betame part of the research program. Un- 
tier tertain special conditions, stress and/or strain 
was shown to be capable of affecting the decomposi- 
tion of austenite to ferrite, pearlite, or bainite.,1ie 

Ik-cause the tests indicated that, at least under 
certain sp-rial conditions, stress 01 strain can mate- 
rially affecif the kinetics of tfw austenite decomposi- 
tion, the question arose as to whether the stresses 
or strains which developed during the quenching of 
comnieiii»! parts are snflsciem to affect transforma- 
tion. While the tlata in this study could not shed 
any light on this practical problem, further consid- 
eration was given to the problem »a a study of the 
correlation between the hardness anü structure pre- 
dicted on the basis of end-quench testi and the bald- 
ness ami structure actually objained in various sized 
rounds and plates, This investigation also was pari 
of Project NRC-i4. 

In this work, plate" and rounds of three different 
»teds I to «J In. in thickness were water quenched, 
after which hardness traverses and metallographic 
examinations of the specims:ns were made and the 
results conqjarcd with those obtained from end- 
quenched hardenability bars taken from.the same 
heat. These hardness and metallographic compari- 
sons were in (urn compared with the relationship 
between cMiling rates in the end-quenched harden- 
ability bar and cooling rates within the various 
plates and rounds previously determined on Project 
NRG55 mentioned easltcr. The results indicate 
that, at the present time, it is not practical to at- 
tempt to predict either the hardness or mlcrostruc- 
turc that will be obtained in rounds and plates on 
the basis of equal cooling rates. In other words, a 
point on (he end-quench hardcnabilitv bar having 
a cooling rate very similar to a particular position 
within some plate or round will not necessarily ex- 
hibit either the same hardness or the same micro- 
structure found at the corresponding location in 
the plate or mund. Evidently, factors other than 
cooling rate are capable of appreciably affecting the 
transformation characteristics of the «tccl. One of 
these factors may be stress.'31* 

One of the subjects investigated was the metal- 

lurgy and properties of armor steels cast or rolled 
in sections 4 in. or more. Because the cooling rates 
in these heavy sections arc low, even when the part 
is water quenched, the chance for bainite to form 
during the quench becomes greater than in smaller 
sections despite an increase in alloy content to com- 
pensate fos the heavier sections. Pearlite formation, 
on the other hand, becomes less likely because gen- 
erally the pearlite and ferrite transformation is 
repressed more by the increased alloy content than 
is the bainite transformation. 

Although martensite is the desired quenched 
structure in armor plate, the bainite transformation 
products found in the higher alloy steels approach 
closely enough to martensite in structure and hard- 
ness to suggest that their properties after tempering 
may be, at least to a certain degree, comparable 
with those of tempered »aärtensite. 

Past eaperisnee in this research program and the 
experience of others have resulted in the unfavor- 
able report on th< properties of tempered bainite 
structures in 0.3 per cent carbon steels. If it is rec- 
ognized that bainite structures reduce the low-tem- 
perature notched bar toughness of 0.3 per cent 
carbon alloy steels tempered to low hardness and 
that they, therefore, can be presumed to aifect dis- 
advantageomly the ballistic properties, it then be- 
comes important to establish the degree of tough- 
ness depreciation associated with various percent- 
ages of bainite and with bainite formed at several 
temperatures. This information would lead to some 
idea of the pciceniages and types of bainite prod- 
ucts that can be tolerated in heavy armor plate 
and hence aid in establishing the necessary alloy 
limitations. Comparison along this line was made 
on four heavy armor-plate compositions, using heat 
treatments that simulate those in commercial opera- 
tions as well as a number of isothermal treatments 
intended to produce various mixed bainite and mar- 
tensite structures. Both room-tempcrature tensile 
properties and V-notch Charpy values, the latter 
also at sub-zero temperatures, were determined on 
specimens tempered to a hardness of 240 to 260 
Brincll after the specific hardening treatment. 

It was shown that steels having compositions in- 
tended for use in heavy-sectioned armor plate have 
mostly bainite in the quenched structure when 
cooled at a rate equivalent to that in a S-in. water» 
quenched plate, but the notched bar toughness of the 
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tempered product remains high even when the cool- 
ing rale approaches that of the water-quenched 9-in. 
plate. Small percentages of pearlite in the micro- 
structure were shown to be highly detrimental. The 
presence of small perocntagcs of ferrite, on the other 
hand, did not appear to be too objectionable, pro- 
vided the balance of the structure did not contain 
pearlite. Bainite structures produced by isothermal 
transformation had lower V-notch Charpy values 
than did structures of msrtensite temperet] to the 
same hardness. The notched bar values of bninitic 
structures are improved, however, in going from high- 
temperature bainite to low-temperature bainite.,P| 

As mentioned earlier, the attributes of boron to 
increase the hardenability of steel and to achieve 
this increase in hardenability without a concurrent 
increase in quench-crack susceptibility led to a 
study of boron in steels suitable for heavy armor 
with the possibility of obtaining structure appreci- 
ably more martensitic in character. As stated earlier, 
boron added to the hardenability of the steels with- 
out conferring other less desirable characteristics.105 

The sum total of all the investigations on heavy 
armor indicates that there is no acceptable short-cut 
to the evaluation of structure and properties at the 
center of very heavy sections and that actual 
quenching of heavy sections, cutting them up, and 
determining the interior structure and mechanical 
properties will, in the long run, be the best way of 
obtaining reliable information. 

8.4       NONMAGNETIC ARMOR PLATE 
FOR AIRCRAFT 

Prior to World War !!, it had been considered 
that aircraft armor should IK? nonmagnetic or mag- 
netically stable so that it would not interfere with 
the functioning of the magnetic compass. Although 
the compensating magnets in the compass could 
correct for the effect of steel in the engine and in 
structural parts, .aimaft armor appeared to change 
its polarity continually so that compensation could 
not ?»e satisfactorily accomplished. 

in the Spring of 1941, the Bureau of Ordnance, 
Navy Department, urged NDRC to investigate 
steels of the nonmagnetic type, pointing out that 
if nonmagnetic armor of standard type could not 
be developed, it would be helpful if the magnetic 
ftability of aircraft armor could be increased. This 

problem was also of interest to the Army Air Forces 
under control number AC-fi. 

Accordingly, the Metallurgy Section of the former 
Division B, NDRC, established Projects B-104 and 
B-208 (AC«) (NO-B13), Development of Non- 
Magnetic Armor Steel, at the Massachusetts Insti- 
tute of Technology in July 194!. The program in- 
cluded a survey of the requirements as well as the 
materials available for nonmagnetic armor and a 
laboratory investigation of these materials. This in- 
vestigation included studies of steel making meth- 
ods, heat ireatment, metallographic studies, and 
tests, such as magnetic tests, hardness tests, tensile 
tests, and ballistic tests. 

The principal phase of the investigation was a 
study of Hadfield's manganese steel as it was the 
most promising of the nonmagnetic materials avail- 
able. It contains usually 1.0 to 1.4 per cent of car- 
bon and 11 to 14 per cent of manganese and, when 
quenched from above 1800 F, it k nonmagnetic. Its 
properties were varied by changes in composition 
through the use of alloy addition agents, cold work, 
and heat treatment. Forty-three heats of steel of this 
general type were made, forged, and tested.188,138 

The hardness, yield strength, and ultimate tensile 
strength in the quenched state are increased by ad- 
ditions of silicon, chromium, molybdenum, tiiiig- 
sten, and vanadium. At the same time, ductility is 
sometimes diminished but never below an elonga- 
tion of 20 per cent in 2 in. Aluminum and nickel 
have a slight softening effect but at the same time 
increase the elongation and tensile strength. 

Cold reduction increases the hardness and tensile 
strength of all specimens tested. Many but not all of 
the steels retained most of their ductility even when 
cold rolled to a hardness of 35 Rockwell C. In most 
cases the steels retained their nonmagnetic character. 

Heat treatment in the form of tempering or ag- 
ing at 500 to 1100 F caused a slight increase in 
hardness and generally a marked decrease in ductil- 
ity. At the same time, many of the steels became 
magnetic. In no case could it be said that the prop- 
erties were improved by heat treatment. 

Several compositions had good physical proper- 
ties and were nonmagnetic in the quenched or cold- 
rolled states, although they were somewhat mag- 
netic after rupture in tension. These and several re- 
lated compositions offered considerable promise as 
nonmagnetic armor and investigations of their bal- 
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listk: properties were made at Watertown Arena! 
and the Naval Proving Ground.,:H 

In none o( these ballistie tests on specimens ot ar- 
mor % in. thick was the ballistic limit as high as 
that of good hoinogeneous armor plate. It was 
found that penclration resistance was improved by 
(old rolling, giving rise so a slight increase in msg- 
netlt pcnhcabUity in most case». Tempering ai any 
temperature failed to improve and often lowered 
the ballistic ptopcrtics. 

«■» INDEXING OF DIVISION 18 REPORTS 
ON ARMOR 

An index of the Division 13 reports on armor 
was prepared by the Research Information Division 
of the War Metallurgy Committee. This index'"3 

giws u subject list of the various projecrs with the 
reports issued on each, a brief abstract of each re- 
port, and a subject index of the reports. It is be- 
lieved that this index will enhance the usefulness 
of the many reports on the subject. 

• 
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Chapter 3 

GUNS AND GUN STEELS 

s.i INTRODUCTION 

THE DivisjoN 18 program on guns and gun steels 
embodied nine research investigations. These 

included studies of the steel quality required for 
wrought gun tubes, improvement in gun steel ingot 
practice, the prevention of cracking in gun tubes, 
the heat treatment of gun steels, the control of steel 
making and plant practice in the manufaciuro of 
seamless gun tubes, and the development of new 
gun steels of improved physical properties. 

The various projects were established as the re- 
sult of suggestions of the Research Group of the 
Subcommittee on Gun Forgings, Ferrous Metallur- 
gical Advisory Board, Army Ordnance Department; 
Watertown ^rsenal; and Watervliet Arsenal. These 
organizations cooperated very closely with the War 
Metallurgy Committee in the conduct of the proj- 
ects. The work resulted in an increased output of 
large guns of all sizes and much better testing pro^ 
ccdures, insuring higher quality in the finished 
guns. In one instance, simplified testing procedures 
based on the NDRC studies reduced the number of 
required tests by 75 per cent, thus making sub- 
stantial savings in time, manpower, and testing 
equipment. I* has been estimated that the annual 
savings as a result of this one development might 
have amounted to $1,000,000, a sum more than 
twice the total cost of the entire Divis;on 18 gun steel 
research program. 

The results of these studies were distributed in 
NDRC reports to the Armed Services and to all the 
manufacturers of gun forgings supplying gun tubes 
to Army Ordnance. The latter comprised the mem- 
bership of the Subcommittee on Gun Forgings, 
Ferrous Metallurgical Advisory Board, Army Ord- 
nance Department. 

3.3 STEEL FOR GUN TUBES 

The quality of gun steel is considered good if the 
gun tube behaves satisfactorily when used in the 
manner for which it was designed, and if when 
worn out it endured a normal useful life. 

In the spring of 1941 the following major ques- 
tions arose with resj)ect to gun steel quality; 

1. What minimum steel quality is essential lor 
the best performance of gun tubes? 

2. What tests are of the most value for measuring 
this quality? 

3. Docs practically all gun steel produced have a 
quality higher than that essential for best perform- 
ance? 

4. Do specifications for gun tubes insure that (a) 
all tubes accepted have adequate quality, and (b) 
all tubes rejected have inadequate quality for good 
performance? 

Answers to these questions were considered im- 
portant because it was believed that from them 
could be determined the kind of research program 
likely to be most valuable to the Armed Services. 
For example, if for forgings the minimum steel 
quality that should be tolerated were known in 
terms of certain properties such as yield strength, 
transverse reduction of area, and transverse impact 
resistance, then a specification could be written 
utilizing this information. Further, if the quality 
produced were practically always higher than the 
minimum required to give best performance, in- 
spection and testing could be reduced to a mini- 
mum. Under these conditions, research to improve 
the steel quality of gun tubes would tend to be 
discouraged. 

When the NDRC program first was started, it 
was h'A'wcd that (I) the minimum steel quality 
essential for the best performance of gun tubes was 
not known, (2) the best tests for measuring gun 
steel quality were tensile, impact, macroctch, and 
proof tests, (3) more than 90 {Hjr cent of all steel 
produced for gun tubes had a quality above the 
minimum specified and above the minimum re- 
quired for good performance, and (4) specifications 
in use in 1941 accepted with considerable certainty 
only tubes of adequate steel quality. 

Most of the gun tube work on NDRC projects 
was planned to secure information to answer the 
questions lisied above more quantitatively than had 
previously been possible and to be used in the de- 
velopment of better specifications for the accept- 
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an<f of gun mlws. Practically all work on steel for 
gun tub« was done on wrought tubes, 

s•2•, Sleet Quality of Wroughi Gun Täte 

The steel quality of a heat-treated guti tube forg- 
ing ta »aid to be good when (I) the yield strength falls 
between the »jK'tification limits, (2) the transverse 
impart resistance is high, (3) the transverse ductility 
i» high, (4) the forging is free from [wrosity or 
umoundncss, excessive nonmetallic matter, ami! in- 
llcrnal and external defects of harmful character, 

yield strength is probably the mo>t important 
property in gun tubes, and fortunately it is the one 
about which there is practically complete agree- 
mcni as to its importance. The magnitude of the 
pressure a tube of given yield strength and of given 
dimensions will resist in service before the bore is 
expanded significantly is quite definitely known. 
Such knowledge t» used in the design of gun tubes 
and in the establishment of specification limits for 
yield strength.  Minimum yield strength  require- 
ments as written into specifications pcrail« liberal 
allowances for normal variations of yield strength 
in a tube, among tempering batches, and among 
heat treatment practices. The choice of a maximum 
yield strength limit is much more arbitrary than is 
the choice of the minimum. Some even believe that 
a maximum yield strength should not be specified 
at all. Sometimes a maximum hardness but no 
maximum yield strength limit is specified. 

it is often state«! that gun tube steel should have 
maximum toughness a' the yield strength level to 
which the tube is tempered. Maximum toughness 
is obtained by quenching to martensite and subse- 
quent tempering. Therefwe, this statement is likely 
to lie more torrett when referring to tubes which 
wilt lie critically stressed in service and subjected 
to high circumferential elastic strain, such as in a 
radial bore strain erf O.OOS In. or morcv83 than 
when referring ut ordinary gun tubes. It may he 
tK practically ad the ordinary gun tubes of large 
wall ratini, 2.0 or above, and worn out by erosion, 
perform jiwt as well whether they have or have no», 
maximum toughness providing that the yield 
strength is adequate. Despite this, it is probably well 
worth while to try always to develop the maximum 
loughnesa at a given yield strength, since tubes with 
maximum toughness when subjected to stresses de- 
veloped by premature explosions are less likely to 

fragment into as many small pieces as tubes with 
inferior toughness. Frequently, however, because of 
size effect it is not })ossible to develop, maximum 
toughness by quenching completely to maftensitc 
and drawing to the required yield strength. 

The uncertainty concerning the toughness is re- 
quired in the average gun tube, for best perform- 
ance has led to much controversial discussion 
regarding the choice of minimum transverse reduc- 
tion of area and minimum transverse impact values 
to be written into specifications. Opinions have 
varied from the one extreme that no minimum 
transverse reduction of area and no minimum trans- 
verse impact resistance values should be specified 
for the acceptance of the garden variety of gun 
tubes, to the other extreme that minimum trans- 
verse reduction of area and minimum transverse 
impact requirements should be as high as possible, 
providing they do not cause a serious loss in pro- 
duction. As a result of the work done at Watertown 
Arsenal and by NDRC, more is known now about 
the relation between transverse impact resistance 
and performance and the relation between trans- 
verse reduction of area and performance than was 
known at the beginning of World War II. 

Watertown Arsenal has reported that many tubes 
of recent design which are critically stressed in ser- 
vice develop progressive damage to the extent, that 
they must be taken out of service before they are 
woirn out by erosion. If this were not done it is be- 
lieved such tubes would finally burst. Obviously it 
is mud) more serious to have tubes fail because of 
progressive stress damage than because of erosion. 
More recent results from Watertown Arsenal have 
indicated that the jMgher the impact resistance at 
a given yield strength, the better the tube will resist 
progressive stress damage. It was decided on the 
basis of Watertown Arsenal's findings on progres- 
sive stress damage that every effort should be made 
lü ugiensjine what factors cause progressive stress 
damage and how this damage can be avoided. Work 
on this problem was started under NDRC and con- 
tinued under an Army Ordnance contract super- 
vised by Watertown Arsenal. Watertown Arsenal 
recommended that specifications used for the ac- 
ceptance of those gun tubes likely to suffer seriomly 
from progressive stress damage should include an 
impact requirement, and this recommendation was 
accepted by Army Ordnance. Statistical studies 
were made under Project NRC-S8  (OD-34-3), Im- 
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provement in Wrought Gun lubes, conducted by 
Carnegie Institute of Technology. These studies 
yielded the highest transverse impact values at vari- 
ous yield strength levels which could be specified 
without causing any serious loss ni production. 
These values were accepted tentatively by Army 
Ordnance and were written into U. S. Army Speci- 
fication 57-1 OfiA after minor chahgea had been 
made by Watertown Arsenal. 

Since the establishment by the Metallurgy Sec- 
tion of the former Division B, NDRC, of the initial 
investigation, Project B-90 and B-HiO   (OD-34-3), 
Steel for Gun Tubes, it has been the opinion of the 
investigators at Carnegie Institute of Technology 
that, down to well below an average transverse re- 
duction of area of 20 per cent, the effect of trans- 
verse ductility in gun tubes on their performance 
is practically insignificant, providing the tubes in 
service fail by erosion.,S7 In one investigation an 
attempt was made to determine whether or not the 
performance of four 37-mm M6 tubes with trans- 
verse reduction of area which averaged between 19 
and 26 per cent was inferior to the performance of 
two similar tubes with averages of 43.8 and 39,6 per 
cent, respectively. The !9 to 26 per cent averages 
represent material of the lowest reduction of area 
in the transverse direction [RAT] values likely to 
be accepted under specification 57'105-1, whereas 
the 43.8 and 39.6 per cent averages represent mate- 
rial of high RAT quality. In this study a frequency 
curve was determined for each tube which indi- 
cated roughly the magnitude of the variation til 
RAT per tube and the average RAT for each tube. 
No significant difference could be found between 
the perfonnance of the two 37-mm M6 gun tubes 
with high transverse ductility  (average RAT, 40 
per cent) and the performance of the four 37-mm 
M6 tubes with low transverse ductility (average 
RAT, 20 per cent). The tube with the lowest RAT 
quality   (average RAT,  19.8 per cent) had the 
longest life. The results suggested that some vari- 
able or variables other than RAT had a much more 
significant influence on gun life and that the rela- 
tion between RAT and performance was relatively 
of minor importance. All six tubes failed because of 
excessive erosion and scoring and not becruse of 
progressive stress damage. It was tentatively con- 
cluded that transverse ductility down to 20 per cent 
average RAT docs not control the length of useful 
life or the performance of tubes which fail by ero- 

sion. It was pointed out, however, that it is not 
known whether transverse reduction of area is an 
important variable in those gun tubes whose useful 
lile is controlled by progressive stress damage rather 
than by erosion." The 75-mm M6 and 76-mm M1A2 
tubes are in this class.,1!,, Probably KAT does tend 
to influence the behavior of tubes with respect to 
progressive stress damage, since a deficiency pi im- 
pact resistance aids the development of such dam- 
age and a positive correlation has been found to 
exist between impact resistance and transverse re- 
duction of area among tubes from dlffeunt heats. 
Of the several hundred tubes used in the determina- 
tion of the correlation, those from low average RAT 
heats usually gave low transverse impact averages 
and those from high average RAT heats usually 
gave high  transverse   impact averages.  All   tubes 
were severely quenched before being tempered and 
there was no reason to suspect that temper brittle- 
ness or an inadequate quench was responsible U'r 
the low impact values observed. The yield »trength 
level selected for the study was 150,000 psi. 

3,2.3 Significance of Tests Used in 
Determination of Gun Tube Quality 

Most tubes which are worn out fail because of 
erosion. Some are taken out of service because the 
probability of the development of serious progres- 
sive damage in tubes continued in service for a 
longer period is considered too high. Practically 
none fail because of a deficiency of yield strength 
or because of extraneous metallurgical defects, such 
as cracks, voids, or bore defects. Apparently, the 
tensile test used to insure adequate yield strength 
and the macroetch and visual test« used to insure 
freedom from damaging defects in accepted tubes 
have been extremely effective in achieving the ob- 
jectives sought. 

It is believed that gun tube steel quality bears no 
significant relation to erosion. Much more impor- 
tant factors which control erosion are the character 
of the projectile and the conditions of use. 

Since tubes of maximu n toughness at a given 

aUuc comidcrution must be given to the limilations imposed 
by (his small number of firing tests. Rigid general conclusions 
from these test» alone are not p««Mble in view of the effect of 
type of failure and the relation thereto of spcdlic designs and 
ennracter of service. Specifications cainioi hf infliieiiccd until 
more data arc available. if 
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yield sircngch rcsisi progressive stress damage better 
ihan do other*, a Char|yy impact requirement is in- 
cluded in U. S. Army Sipcdficatioti 57-106A to in- 
lure that all tube» subjected to conditions which 
normally cause serious progressive stress damage 
shall have more toughness than the specifted 
minimum. 

Under Project NR038 (OD-34-3) carried out at 
Oarnegic Institute of Technology, a study was made 
of the significance of the various tests used in de- 
termining the quality of gun tubes. Statistical stud- 
ies were m&de also to determine the minimum 
requirements for yield strength, transverse impact, 
and transverse rechn u'on of area. 

TBANSVURSE TENSILE TEST FOR 

WEOUOHT GUN TUBES 

In this test yield strength, tensile strength, trans- 
verse elongation, and transverse reduction of area 
values atv determined. Of these, the yield strength 
value is important for reasons already mentioned, 
but the »ensile strength value is relatively unimpor- 
tant. To what extent transverse elongation and 
trannme reduction vahics are of value is open to 
considerable question, primarily because to» little 
is kuoWn about the relations between transverse 
elongation and gun tube performance, or between 
iransyene reduction of area and gun tube 
performance. 

?i is quite certain that a minimum yield strength 
requiremem should always be specified for the ac- 
ceptance of gun tubes. It is not at all certain, how- 
ever, that a minimum transverse elongation or a 
minimum transverse reduction of .«srea should be 
specified. Nevertheless, with present knowledge such 
minima in specifications are the best known assur- 
ance of adequate quality. Probably much more 
transverse ductility is needed in tubes to be auto- 
frettaged than in others. 

TttANSVEKic CMARI'V IMPACT TEST I-OR 

WROUCHT GUN TUBES 

It already has been {iointed out that by use of 
this test in U. S. Army Specification 57-I06A assur- 
ance is given that lubes which usually suffer se- 
verely from progressive stress damage practically 
always have a certain minimum toughness. For this 
reason the im|>art test is considered important. The 
present level of this minimum is sufficiently low to 
allow actcpiancc of almost all tubes of the types 
referred to above. The extent to which the impact 
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test requirements causes an increase of average 
toughness or an incrcosc of minimum toughness in 
accepted gun tubes is not known, o that a quanti- 
tative evaluation of the usefulness of the test cannot 
be given, although it is probable that significant 
benefits have been obtained directly or indirectly by 
specifying an impact test. The direct beneficial effect 
results from the rejection of a few tubes of very 
low impact resistance, and the indirect beneficial 
effect, which is probably much more important, 
results from the extra efforts made by producers to 
insure that the average impact resistance quality 
shall be so high that no tubes arc likely to fail because 
of deficiency in impact resistance when presented for 
inspection. Improved impact quality may result from 
the use of a steel of higher alloy content, a more 
severe quench before the temper, and an improved 
tempering procedure to avoid temper biitilencss. 

The significance of this test has been thoroughly 
discussed in Watertown Arsenal reports and in 
publications by the Arsenal's personnel. 

MACROETOI TEST 

The macroetch test has been used with consider- 
able success for locating extraneous defects in gun 
tubes, such as all kinds of cracks, flakes, porosity or 
unsoundncss, excessive nonmetallic matter, and 
bore defects. 

Often when disks are etched, especially when 
they come from large tubes, the acid attacks some 
regions faster than others with the result that the 
etched surfaces to be examined show numerous 
deep holes which are usually round. Such holes in 
macroctcht-'d disks from 8-in. howitzer forgings have 
been observed to be as large as «4 in. deep and i/8 

in. in diameter, h is imperative that these holes and 
the apparent porosity caused by the etchant not be 
confused with the voids and true porosity which 
obviously may be present in a tube before etching. 
At the beginning of World War II, the quality of 
macrfsctchcd disks having this appearance was con- 
sidered inferior by many inspectors and for a time 
they rejected tube^ from which such disks were cut. 

.Several tensile ^prtiracrir, were cut from disks 
sudi as those referred to above, and RAT value« 
were determined. The results showed very definitely 
that transverse reduction of area is on the average 
quite as high for specimens taken from those re- 
gions most rapidly dissolved by acid as for speci- 
mens taken from regions least rapidly dissolved by 
acid. Additional studies indicated that the average 
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RAT value for specimens from a macroctched disk 
containing a considerable number of ettbed-oul 
holes is about as high as the average RAT value 
for specimens from a comparable macroctched t'isk 
relatively free from the ctched-out holes. When in- 
spectors became aware of these results, tubes were 
not rejected simply because macroctched disks from 
them showed round holes or pits such as those de- 
scribed above. 

Other work indicated that the quality of forgings 
with respect to transverse ductility cannot be 
judged from the dendritic pattern observed among 
macroctched disks, at least for the range of pattern 
variation studied at Carnegie Institute of Technol- 
ogy under Project NRC-38. It was shown that the 
macroctch test has but a limited usefulness in show- 
ing the depths to which forging has |>enetratcd and 
destroyed the pattern,130 

pRooF-FmiNC TEST 

The proof-firing test is essentially a performance 
test in which at least one round is fired at about 
115 per cent of normal pressure. The bore of any 
tube deficient in yield strength will expand when 
proof fired. One advantage of the proof-firing test 
over the others referred to earlier is that die entire 
tube is involved. 

There is considerable assurance that tubes of 
types which normally do not suffer seriously from 
progressive stress damage and which meet proof- 
firing test requirements will behave satisfactorily in 
the field and will not fail because of inferior steel 
quality. However, the proof-firing test does not in- 
sure that a tube subjected to conditions responsible 
for serious progressive stress damage will not fail 
within its normally expected useful life. One tube 
with low impact resistance which met proof require- 
ments failed because of progressive stress damage 
after about three rounds, while a similar tube 
which also met proof requirements failed by pro- 
gressive stress damage after 1,800 rounds. This tube- 
also had a low impact resistance. Since the proof- 
firing test does not necessarily insure that those tubes 
of certain designs, that is, the 75-mm M5, which meet 
the test requirements will not fail by progressive 
stress damage within their normally expected lives, 
it is imperative that such tubes have considerable 
toughness or high impact resistance. Tubes with 
high toughness resist progressive stress damage bet- 
ter than do tubes of low toughness. 

%2-3 Primary Objective Sought as a Result 
of Statistical Studies 

One of the major objectives of the work done 
under Project B-90 and B-160, Steel for Gun Tubes, 
and Project NRC-38, Improvement in Wrought 
Gun Tubes, waü to supply information based on a 
statistical analysis of transverse tensile and trans- 
verse impact test data so that a specification could 
be written which would give an extremely high de- 
gree of assurance that the steel quality of accepted 
wrought gun tubes1' with respect to yield strength, 
transverse impact, and transverse reduction of area 
would be above the minimum needed for good per- 
formance, and that only an extremely small number 
of tubes having more than the minimum required 
would be rejected. In addition, it was desired that 
new specifications for gun tubes should require less 
inspection and testing than formerly. 

To attain the objectives sought every effort was 
made to determine (I) the quality needed, (2) the 
quality produced, and (3) the minimum require- 
ments for yield strength, transverse impact, and 
transverse reduction of area which should be speci- 
fied in order to guarantee with better than a 99 
per cent certainty that no tubes with less than the 
minimum needed for good j)erformance would be 
accepted. As a result of these efforts, specifications 
for gun tubes written by Army Ordnance and in 
use at the end of World War II were far superior 
to those in use at its beginning. 

3,2.4 MmBiwum Quality Needed and 
speosicatsosi menta 

The fundamental weakness of most specifications, 
including those for gun tubes, is that generally 
they are based on what quality is produced or can 
be produced, rather than on what quality is needed. 
Unfortunately, information relating to the required 
quality is generally so scanty as to make it impos- 
sible to write a specification which will accept all 
material of a quality above the minimum needed 
and will reject all other material. 

From results obtained under NDRC Project NRC- 
38 (OD-34-3) and from results supplied by Water- 

h Wrought gun tubes consist of (I) seamless ttihcs, and (2) 
forgings. Work on centrifugal castings limilar to that rcferml 
to above is now being done at Carnegie Institute of Tech- 
nology under a direct contract with the Army Ordnance 
Deparimenl. I 
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town Ajstii;i{ ifu- folluwingam« luitionscan be drawn. 
1. The tinnimum required yield strength needed 

h relatively well known. The minimum given in 
upcci/icauuna was determined from available infor- 
million about (a) (he minimum needed and (h\ (he 
variation of yitid strength normally present in tubes 
»ubmitu-d for inspection. 

2. The highest possible value of transverse impact 
lesistancc is necessary, nt least for tubes likely :o 
suffn seri«>usly from progressive stress damage. The 
minimum needed for other tubes which normaJly 
fail by erosion is not well known; ii is frequently 
accepted as being so low that no minimum need 
IK- specified. The minimum transverse impact rc- 
quircment »jMcificd in U. S. Army S{>edficatton 37- 
l(W»A for acceptance of tubes likely co suffer seri- 
ously from piogicssivc stnss damage was deter- 
mined more by produrlion impact resistance quality 
tJian by what impact resistance was thought to be 
needed for the besi performance of gun tubes. If 
the production quality had been higher than it was 
in World War 11, then the mininium transverse im- 
pact requiremem specified in 57-I06A would prob- 
ably have been higher also, 

,1 The mininium transverse reduction of area 
needed is not known. It appears probable from work 
done14" that the RAT quality produced is practi- 
cally always above the minimum needed for the 
goml performance of gust tubes and above the mini- 
muin sju( died. 

On the basis of information presented in the 
above summary, it is believed that specifications for 
yield strength as set by Army Ordnance in V. S. 
Army Spedfication 57-l(MtA and in appropriate 
drawings arc shout as they should be. Specification 
requirements for RAT, which are now so low that 
they are unlikely to cause more than an insignificant 
number of rejections, should remain unchanged, at 
least un<il RAT needs are much better known and 
more clearly defined than at present. Specified min- 
imum transverse impact requirements for tubes 
likely to suffer severely from progressive stress dam- 
age should be raised whenever that can be done 
without interfering seriously with production. 

•*» Relation Between NDEC 
Investigations and Uevdopmcm of 

Army Ordnance Specifications 

After   the   minimum   stK-cifuations   were   deter- i 

mined with respect to yield strength, transverse re- 
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duction of area, and transverse impact, the next 
problem was to write specifications insuring that 
only tubes of adeqinue yield strength, transverse re- 
duction of area, and transverse impact resistance be 
accepted. It was necessary to make n thorough sta- 
tistical analysis of gun tube tensile and impact data 
in order to obtain the information required for the 
IK-SI solution of the problem. This analysis was 
started under NDRC Project NRC-.H8, Improve- 
ments in Wrought Gun Tubes, at Carnegie Insti- 
tute of Technology ami is continuing under a di- 
rect contract with Army Ordnance. Obviously, a 
complete statistical analysis of all existing tensile 
and impact World War II data is very time con- 
suming, involving the use of approximately one 
million data. Fortunately, extremely valuable re- 
sults were obtained on the basis of a »tudy of about 
one-fifth of the total data available. 

Before Army Ordnance could write a new speci- 
fication which would allow production of gun tubes 
to operate as efficiently as possible and at the same 
time would guarantee that only tubes having more 
yield strength, transverse reduction of area, and 
transverse impact than the minimum would be ac- 
cepted, it was necessary to know what quality of 
product with res|)cct to the properties indicated was 
being submitted for inspection. 

Under Project B90 and B-I60, Steel for Gun 
Tubes, and Project NRC-.H8, Improvement in 
Wrought Gun Tubes, investigations were carried 
out at Carnegie Institute of Technology to deter- 
mine the following; 

1. Average transverse reduction of area quality. 
2. Transverse reduction of area variation. 
3. Degree of control of transverse reduction of 

area. 
4. Average yield strength quality, 
5. Yield strcngdi variation. 
6. Degree of control of yield strength. 
7. Average transverse impact quality. 
8. Transverse impact variation. 
9. Degree of control of transverse impact. 

10. Relation between yield strength and trans- 
verse reduction of area. 

11. Elfcct of reheat treatment (requench and 
draw) and redraw on transverse reduction of 
area. 

12 Kehnkm between yi'Jd strength and trans- 
verse impact. 

1.1 Effect of forging reduction on transverse re- 
duct ion of area. 
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II. Effect of angle of test, relative 10 fiber direc- 
tion, on transverse reduction of area and on 
transverse htipan resistance. 

AVERAGE TRANSVERSE REOUCTION or AREA QUALITY 

Statistical  studies   to  determine  average   RAT 
quality of tubes presented for inspection were made 
first using RAT data for seamless tubes. There were 
several reasons for this procedure. Seamless tubes 
were not used in any war before" World War II. 
Furthermore, the specification written for the ac- 
ceptance of such tubes was considered imperfect 
and was for temporary use only until a better specifi- 
cation  could  be developed.  Seamless  tubes were 
made from high RAT heats and were quenched and 
heat treated using practices which, with modern 
metallurgical knowledge, should give an excellent 
uniformity of product. Furthermore, early in World 
War II, seamless tubes were being produced at a 
rate of about 6,000 per month  (4,000 40-mtn Ml 
and 2,000 75-mm M3). Since heat lots consisted of a 
very large number of tubes, usually more than 250 
-lO's and 100 75's per heat, the probability that the 
war effort would benefit quickly and significantly 
from restdts of statistical studies seemed high. 

The average RAT quality of seamless tubes was 
found to be about 50 per cent for 40-mm tubes, 41 
per cent for 75-mm M3 tubes, and 48 per cent for a 
few 75-mm howitzers. Average yield strengths were 
approximately 110,000 psi for 40-mm Ml tubes, 
115,000 psi for 75-mm MS tubes and 110,000 psi for 
the 75-mni howitzers. The lowest and highest heat 
RAT averages« were found to be 42.5 per cent and 
50.0 per cent for 40's, 34.8 per cent and 48.0 per 
cent for the 75's and 47.7 per cent and 48.4 per cent 
for the howitizcrs. Heat RAT averages were deter- 
mined for about 150 40-mm heats, 250 75 mm MS 
heats and 8 75-mm howitzerr heats. The averages 
determined for tubes were found to be usually about 
the same as their respective heat averages. The max- 
imum difference, based on a large number of values, 
between a tube RAT average and the heat RAT 
average generally was found to be less than 3 per 
cent, although there was some indication that the 
maximum difference between a tube and heat aver- 
age might be occasionally 5 per cent or 6 per cent 

■■All RAT vatues for heal-treated seamless iiil)es from a given 
heat are averaged and this is called the heat RAT average. 
Actually the<ru« heat average» for40 mm heals may he slightly 
lower than given, hecausc «pecimen» for tensile test» of 40-nim 
Uil>e« were cut from the ii|>set breech ends. Values for upset 
ends arc on the average aboiu 3 per cent higher than for other 
parts of the tiil)es. 

higher. By requiring thai  the minimum average 
quality of 40-mm Ml and 75-mm M3 lubes accepted 
as heat lots shall be ai least (J per cent higher than 
the minimum average quality of lubes accepted as 
individual tubes (by the prescribed method ol sam- 
pling and testing), it is more tiiüii 99.5) per cent cer- 
tain that the minimum average RAT quality of any 
tube accepted in a heat lot is not less than the min- 
imum average RAT quality of any tube accepted 
on an individual rather that, on a heat lot basis. 
This conclusion was reached because all statistical 
evidence supported the belief that this higher min- 
imum average quality required of tubes accepted in 
heat lots is sufficient to insure that differences be- 
tween tube RAT average and the heat RAT aver- 
age, and differences between the maximum varia- 
tion of RAT in a tube and the maximum variation 
of RAT among all the tubes of the heat, are small 
enough so thai the minimum RAT quality of ac- 
cepted tubes is not lowered.141 

Statistical studies of RAT values for forgings 
were much less complete than were those for seam- 
less tubes. Data for forgings from all companies of 
all sizes, 37 mm to Hi in., give heat RAT averages 
which fall between limits of about 30 per cent and 
55 per cent at a yield strength level of about 
110,000 psi, between 30 and 50 per cent at a level 
of 130,000 psi, between 25 and 40 per cent at a level 
of 150,000 psi, and between 20 and 38 per cent at 
a level of 105,000 psi. 

TRANSVERSE REDUCTION or ARKA VARIATION 

The observation that RAT at a given yield 
strength varies considerably in all gun tubes ami 
the realization of the importance of this fact in its 
relation to spcdficaiions was probably the most im- 
portant single result of the statistical work done on 
gun tubes under NDRC. It changed completely the 
fundamental approach to the problem of writing 
gun tube specifications. Specifications were subse- 
quently written by the Army Ordnance Department 
substituting a statistical approach for the one pre- 
viously used, and the benefits derived by bob the 
Army Ordnance Department and producers of gun 
tubes were considerable. 

Statistical studies of RAT values for specimens 
from seamless lubes of 40-mm MI and 75-inm M3 
sizes indicated that the maximum variation of RAT 
usually is about the same in a small section of a gun 
tube as (1) in the whole gun tube, (2) among all 
the gun lubes from one ingot, and  (3) among all 
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the guti tuba from a heat. In pxsr quality heats the 
maximum RAT variation among the Uihcs is us- 
ually higher than among tubes from good heats. 
The maximum variation observed was rarely less 
than 20 per «cut from a minimum of 35 per cent 
RAT to a mininutm of M [ter cent RAT at a yield 
strength of I20,(MM1 psi. It was obvious from these 
results that to establish RAT quality -iretiscly a 
large number of RA r values are required. A single 
value* has practically no meaning except as it retaecs 
to other values. Fortunately, since tubes from a 
given heat are usually about alike, and since a large 
number of tubes, usually from 1(K) to HIM) or more, 
are generally made from the same heat, a tensik 
iesi per tube is not necessary for the determination 
of the RAT quality of the heat, and within the de- 
sired accuracy, the RAT quality of .sny tube in the 
heat. Obviously, for the determination of RAT 
quality in a large unit, the lasger the number of 
small units (tubes) making up the large unit (heat 
or practice), the smaller the number of RAT values 
per small unit required. Generally more than 100 
scamleH 75-mm .MS and 200 seamless 40-mm Ml 
tube» were made per heat and many few^r tests 
than one jier tube were neccmry to evaluate the 
RAT quality of a heat. 

From the above discussion and from other facts 
previously stated in this summary, it is much more 
desirable to consider the heat unit, or even a large 
unit, rather than the individual tube unit as the 
logical unit to use in spccihcations of RAT quality 
for wrought gun tubes. This is especially true when 
the prcrduct  presented  is consistently excessively 
good or excessively bad. The use of the heat lot 
unit in Specifisation WVXS-78, developed by the 
Army Ordnance  IX'partmem on a basis of this 
NDRC  investiga:ion, resulted in  the saving of 
alwut   100,000 tensile  tests  in  one year during 
World War II. Other savings of tests, not yet esti- 
mate«! but known to be quite considerable, h»ve 
resulted from the use of the heat unit concept in 
other »pedfications developed later in these studies, 
namely, WVXS-88, WVX.S-95, and U. S. Army Speci- 
ficüion 57-I06A used h>r the acceptance of gun 
tube forging». Of course, when the heat is of border- 
line RAT quality, the use of the individual tube 
unit in specifications may be justified since, as al- 
ready pointed out, the average RAT value of the 
worst tune in a best may occasionally be 6 per cent 
or more lower dian the average RAT value of the 
brst tub: in the same heat. 

It general, studies of RAT data for gun tube 
forgings of sizes from 37 mm to 16 in. confirmed 
the above conclusions. 

DECREE OF CONTROL or TRANSVERSE 

REDUCTION OI AREA 

When RAT determinations are made on sped 
mens from breech and muzzle ends and a tube is 
accepted or rejected on a basis of these RAT values, 
it is at least tacitly assumed that the RAT quality 
of the whole tube is indicated by the RAT quality 
of muzzle and breech ends. When a whole heat of 
tubes is accepted or rejected on a basis of RAT 
value» for specimens from the breech (or muzzle) 
ends of some, but not all, of the tubes, then the 
assumption has been made that the RAT quality 
of the whole heat is indicated by the RAT quality 
of the breeches (or muzzles) of the tubes tested. 
The extent to which these assumptions are justified 
is determined by the degree of RAT control result- 
ing from a given practice. Fortunately, so far as is 
known, these assumptions have never beers suffi- 
ciently in error to have allowed, either at the prov- 
ing grounds or in the field, the failure of accepted 
gun tubes owing to RAT deficiency. 

Statistical  studies ucrc  made  to determine  as 
quantitatively as jxxssible the degree of control of 
RAT achieved in the various practices used by pro- 
ducers of gun tubes in World War II. Plotted con- 
trol charts""-141 reveal that the degree of control 
of RAT in  tubes, among tubes in a heat, and 
among heats in a practice is usually sufficient to 
justify the use of the known laws of chance for the 
determination of RAT quality in gun tubes. By 
use of these laws of probability to determine RAT 
quality, advantages of considerable practical im- 
portance were gained by both the Army Ordnance 
Department and the gun tube producers. Thou- 
sands of RAT data were used for the plotting of 
the control charts, but despite the overwhelming 
evidence of the validity of the conclusions drawn, 
the consequences of its acceptance are still viewed 
with scepticism by many inspectors. Often tubes 
have  been accepted from unusually low average 
RAT heats because the one  (for small tubes), two 
(for intermediate-sized tubes), or four   (for large 
tubes) RAT values were by chance abc-e the mini- 
mum specified. The weakness of such a procedure 
can be ampfy demonstrated by examining the re- 
sults obtained from the statisticrl analyses. Before 
long it is probable that specifications will be based 
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on statistital knowicdge with respect to the more 
efficient selection of good and rejection of poor qual- 
ity, and v.itli -fispett to the reduction of the number 
of tests JXT tube required for the determination of 
RAT quality within a required accuracy. 

AVERAGE YIKLB STRENGTH QUAMTY 

Yield strength values, maximuin and minimum, 
are usually chosen by designers of gun tdbes. They 
vary, of course, with the size and type of tube and 
with the purpose for which the tube is to be used. 
Therefore, the average yield strength quality must 
be considered in relation to the values chosen by 
the designers. For exasüpie, if the maximum and 
minimum yield strength values specified should be 
115,000 psi and 95,000 psi, respectively, and the 
product inspected should have an average yield 
strength quality of 105.000 psi, then the average 
yield strength quality would be considered good. 
The probability of accepting tubes with untested 
regions above or below the specified limits would 
be at. a minimum. 

Statistical studies of yield strength data for prac- 
tically all sizes and types of gun tubes revealed that 
initially some producers of gun tubes had difficulty 
in meeting yield strength requirements after the 
first quench and temper.«) This was because the 
maximum range of yield strength in certain prac- 
tices was too large to permit observed individual 
yield strength values to fall always between pre- 
scribed limits, and because the average value of the 
yield strength was too close to the minimum yield 
strength specified for all the observed individual 
values to fall above that minimum. Obviously, the 
producer could easily have tempered his quenched 
tubes at a temperature a little lower ili;m the one 
used, to raise his practice average. However, he did 
not do this in the early monihs of World War II 
because he was faced with another problem whose 
solution also depended on heat treatment; the speci- 
fication of RAT quality, which is higher for low- 
than for high-yield strength tubes. RAT values for 
the acceptance of gun tubes had to be above a cer- 
tain minimum which was the same over the whole 
range of yield strength between the maximum and 
minimum limits specified. .Studies were carried out 
to determine the relation between RAT and yield 
strength,142 and subsequently the specification for 

<< .\ liiH? ivish too high a yield strength wa« tclcmpcicd 
while a lulxr will, too low a yieM r.ircngtli was requenched 
and ictnpered. 

wrought gun tubes was modified to take this rela- 
tion into account. As a result, producers in gen -nd 
raised their practice average, atid this brought 
about a dsastic reduction in the frequency of occur- 
rence of yiJ'J strength values below the minimum 
specified, and greater assunuiu; that no tube ac- 
cepted by Army Ordnance would be deficient in 
yield strength. 

YIELD STRENGTH VARIATION 

As far as is now known, the variation of yield 
strength in gun tubes, which normally fail by ero- 
sion, has no significant effect on their performance, 
provided of course that the tube is not actually de- 
ficient in yield strength. However, a tube with a 
yield strength above the minimum specified and 
with a very large variation may be so hard in some 
parts of the tube as to cause trouble in machining. 
The more uniform the product, the easier it is to 
standardize machining operations. 

As already pointed out, toughness should be as 
high as possible in those tubes which, if worn out 
in service, would fail by progressive stress damage. 
.Since impact resistance or toigjmess is decreased 
usually at a rate of 2 ft-lb or more for each increase 
of 5,000 psi in yield strength, it is important that 
the maximum yield strength be as low as possible. 
Ideally perfect tubes would have the minimum 
yield strength necessary for best performance and 
would be perfectly uniform. In actual practice, the 
need for a small variation of yield strength for 
tubes most likely to suffer from serious progressive 
stress damage must be balanced against what is 
being or can be- produced in industry with sufficient 
speed and in sufficient quantity to meet production 
schedules. 

The variation oi yield strength in 40-mm Ml and 
75-mm M3 seamless tubes and forgings is rarely less 
than 2,000 psi, is usually about 4,000 psi, and may 
be occasionally as high as 10,000 psi. A producer of 
seamless tubes and a producer of forgings, both us- 
ing electrically controlled heating for tempering, 
produced a more uniform product than did any 
other producers of gun tubes whose products were 
studied. The seamless tubes were tempered in a con- 
tinuous furnace, and one tube followed another of 
the same heat until all the tubes from that heat had 
been started through the furnace. Tubes of another 
heat were then similarly tempered. The forgings 
mentioned above were suspended in the tempering 
furnace in such a way as to afford as uniform heat- 
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i;!t; ol all the lube» in the batch as possible. .Studies 
of the variation of yield strength in heavy tubes 
from good practices arc not complete. However, they 
do »how that the maximum variation is on the aver- 
age more pronounced in large than in small tubes. 

in |MM»r practices the variation of yield strength 
in gun tulM-s was found to I«.' rarely below 2,000 
pi, usually about 10,000 pi, and occasionally as 
high as .10.000 psi. Variations of these magnitudes 
have been observed in S7-inm tubes. 

The maximum variation of yield strength among 
tube» in a heat lot* or in a batch was found to be on 
the average about 10,000 psi in a good practice. 
Occasionally a variation as high as 20.000 was ob- 
served. In poor practices the maximum variation 
|>er batch was on the average about 30,000 psi and 
occasionally a variation as high as 50,000 psi was 
observed. It was found that the maximum variation 
of yield strength in batches containing tubes from 
several heals was on the average much higher than 
in batdics containing tubes from only one heat. 
When this information became available, at least 
one producer immediately changed his practice of 
using mixed-heat batches to that of using only one 
heat per batch, with the result that the maximum 
variation per batch dropped on the average to about 
one-half of what it had been before. 

I)F.GBKE or CONTROL OF YIELD STRENKTII 

Conirol-churt studies1" indicated that for each 
of alMiut half the practices considered the variation 
of yield strength in one heat lot was about the same 
as in another from the same psaciice, and the varia- 
tion of yield strength in one batch was the same as 
in another from the same practice. A few exceptions 
to this general conclusion were noted. Variations 
were observed among the heat lot or batch averages 
in each of the practices. These were usually of rela- 
lively small practical importsince. As long as the 
quality of control observed in each of the above 
practice» remains unrhanged, the yield strength 
quality of a tube from any one of the practices may 
lit- predicted, both with respect to the average for 
the tube and its variation, within an accuracy of 
ü.OOO psi. Such a prediction probably would be cor- 
rect within the amount mentioned more than !>9 
times out of cverv 100. 

r A» long a« our lilt« immcdiatclv follmv» another from the 
wmc ficat (IUIIIIKII a rominuou«. ictnpciiiig nucc. all the 
lulw» troni iliai hrz' coiMidcmt lo^hcr cmnprm a heal unit 
tir heal Int. 

Practices of other producers were in much poorer 
statistical control than those just mentioned. As a 
result, more information is required per tube or per 
batch to indicate within a given accuracy what the 
yield strength cpiality of a tube or batch from these 
producers is likely to be. 

In considering the overall picture of variation 
of yield strength among tubes, it was observed that 
the maximum variation in seamless tubes was 
29.000 psi for 40mm MI tubes, and 27,000 psi for 
75-mm M3 tubes. The maximum variation observed 
among 3-in. forgings was 18,000 psi In each of the 
remaining practices, a maximum variation of more 
than 50,000 psi was observed, indicating poor 
control. 

AVERAGE TRANSVERSE IMPACT QUAUTY 

As previously indicated, transverse impact quality 
should be as high as possible in those tubes which, 
if worn out in service, would fail by progressive 
stress damage. For this reason the Army Ordnance 
Department decided to specify an impact require- 
ment for the acceptance of such tubes and needed 
to know what values should be written into the 
specification to insure the best compromise between 
quality accepted and production losses. A correct 
choice of such values depends on a knowledge of 
how critical is the need of transverse impact quality 
at various levels for good performance, and what 
cpiality is being produced by industry. Under Proj- 
ect NR.C-38, a study was made oa quality of mate- 
rial being produced with respect to average impact, 
variation of impact, and control of impact. 

Average transverse impact cpiality varies with 
yield strength.'^ Therefore, transverse impact aver- 
ages or single values have meaning only as they re- 
late to yield strength. An increase of yield strength 
of 5,000 psi usually causes a decrease of 2 ft-lb or 
more in transverse impact resistance. 

With few exceptions, the average transverse im- 
pact quality of any one tube in a heat lot or batch 
was essentially the same as that in any other tube 
from the same heat lot or batch Differences of con- 
sidciable magnitude were observed among averages 
of heat lot and among averages of batches. At a 
yield strength level of about 105,000 psi, the differ- 
ence was H ft-lb among heat lots of seamless tubes 
(17 minimum, 25 maximum), 9 ft-lb among batches 
of forgings from one producer (17 minimum, 26 
maximum), and 7 ft-lb among batches of forgings 
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from another producer (19) minimum, 2() nnxi- 
inuin). On rare occasions the differences arc larger 
than indicated. Occasionally some tubes in a batch 
are, while others are not, quenched drastically 
enough to give high impact values in the tempered 
material, and this causes large differences of average 
transverse impact qualify among the tubes. 

Differences among practice transverse impact 
averages were usually small. In the case of two pro- 
ducers, each making 76-mm tubes, the practice aver- 
ages were 20 ft-lb and 29 ft-lb, respectively. The 
yield strength level was about 150,000 psi. Among 
three producers making 75-mm M5 or M0 tubes, 
the practice averages were 22 ft-lb for each of two 
of the practices, and 24 ft-lb for the third with a 
yield strength of about 165,000 psi. Obviously, at a 
lower yield strength level, the practice average trans- 
verse impact quality is higher. One practice average 
of 45 ft-lb was observed when the yield strength 
level was about 115,000 psi. This was for 155-mra 
mortars. 

TRANSVERSE IMPACT VARIATION 

Statistical analyses of a large number of data from 
each of several tubes and a large number of data 
from various commercial practices indicate that the 
maximum variation of transverse impact in a gun 
tube is usually about   (I)  10 ft-lb at each yield 
Strength level in the range between 95,000 and 
150,000 psi,   (2) 8 ft-lb between  150,000 psi and 
170,000 psi, and (3) 6 ft-lb between 170,000 psi and 
185,000 psi. Occasionally, one part of a tube may be 
quenched so much more effectively than another 
part of the same tube as to cause a much larger 
va, iation of transverse impact resistance in the tem- 
pered tube than would be expected normally. Val- 
ues as low as 4 ft-lb and as high as 25 ft-lb have 
been obtained for specimens cut from one tube. 
Otherwise, the maximum variation of impact in 
any one tube from a heat lot or batch is practically 
always about the same as that in any other tube 
from the same heat lot or batch. 

DEGREE OF CONTROL OF TRANSVERSE IMPACT 

Considerably more work must be done before the 
degree of control of transverse impact in a practice, 
and throughout industry as a whole, can be defined 
completely. 

Control charts indicate that each tube in a batch 
usually  has  essentially   the  same  impact  quality 

(average and variation) as any other tuix  from the 
same batch. 

Impact quality differences of considei ible mag- 
nitude exist among batches in each practice studied. 
For batches consisting of tubes from ly one heat, 
these differences result primarily from a variation 
of batch average transverse impact quality, since 
the difference of variation of transverse impact qual- 
ity in one batch as compared with that in any other 
from the same practice is rarely sufficiently large to 
be of any practical significance. In any one of the 
better practices, impact averages for batches con- 
sisting of tubes from only one heal in a batch varies 
by about 7 ft-lb at a yield strength level of 105,000 
psi. At lower yield strength levels, the differences 
among batch averages in a practice arc higher. 

RELATION BETWEEN YIELD STRENGTH AN» 

TRANSVIJRSE REOLCTION or AREA 

Studies were made to determine linear correla- 
tions among the various properties disclosed by the 
tensile test and the impact test in quenched-out and 
tempered gun tubes. It was found that in the yield 
strength range of 95,000 psi to 180,000 psi a good 
linear correlation exists between yield strength and 
transverse reduction of area and that an increase of 
5,000 psi in yield strength causes a decrease of about 
1.5 per cent in transverse reduction of area.143 

This information was used by the Army Ord 
nance Department in the development of specifica- 
tions WVX.S-88, WVXS-95, WVXS-131, and the 
U. S. Army Specification 57-I06A. In general, use of 
the above relation in specifications encouraged 
each producer of gun tubes to raise his practice- 
average for yield strength. This had two beneficial 
effects; (1) it decreased the possibility of accepting 
tubes with a deficiency in yield strength, and (2) it 
drastically reduced the frequency of redraw and of 
requench and draw treatment?;. The percentage of 
redraw and of requench and draw treatments, 
which at least in one instance \vas more than 40 per 
cent of th; total treatments made, was reduced to 
below I |>er cent. 

EFFECT OF REHEAT TREATMENT (REQUENCH AND 

DRAW) AND REDRAW ON TRANKVERSE REDUCTION 

OF AREA 

Studies of the effect of a redraw and of a re- 
quench and draw on transverse reduction of area 
led to the conclusion that at a given yield strength 
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neither a redraw nor a requench and draw improve 
ihf average RAT of gun \.U\KS, providing «hey were 
(juenched out before Uie firsi diaw.1" The effect of 
a redraw and of a re(|uench and draw on transverse 
rediution of area in very heavy tubes is uncertain. 
i.alH>iauuy results showed that a redraw improved 
the transverse reduction of area average for one 
tube but had no eftect on the average for another 
tube, and a requench and draw did not improve 
the transverse reduction of area average. 

On the basis of the above infonnation, specifica- 
tions were writteu which encouraged producers not 
to redraw nor to requench and draw tubes which 
fail for transverse reduction of area, unless there 
was evidence that such tubes were improperly heat 
treated. As a result, redraws and requench and 
draw treatments, supposedly made in order to im- 
prove transve-vse ductility at a given yield strength, 
were reduced very greatly. 

RM-ATION RCTWeEN YlEU) STRMJCTH Asn 
TRANSVERSE IMPACT 

A» previously pointed out, studies were made to 
determine linear correlations among the tensile and 
impact properties in quenched-out and tempered 
gun tubes. It was found that between 95,000 and 
180.000 psi a correlation exists between yield 
strength and transverse impact such that an increase 
of 5,000 psi in yield strength usually results in a 
decrease of 2 ft-lb or more. An excellent correlation 
between yield strength and impact was oSwervcd in 
each tube used in correlation studies, but the rela- 
tion was found to vary among tubes. In 40-nun Ml 
and 75-mm M8 seamless tubes, a 5,000 psi increase 
id yield strength results in a decrease of 2 ft-lb in 
transverse impact, while in 75-mm M5 and 76-mm 
tidn-s from a producer of furgings, a 5,000 j»si increase 
of yield strength results in a decrease of 3 ft-lb in 
transverse impact. 

The relationship between yield strength and im- 
pad was taken into account by the Army Ordnance 
Department in writing Specification WVXS-95 and 
V. S. Army Spctilication 57KMJA. As these specifica- 
tions were written at yield strength level» above 
150,000 pi, it is more difficult to meet the mini- 
mum impact requirement than at lower yield 
strength levels. lubes which usually just meet sped- 
fication impatt requirements at 110,000 psi will 
practically always fail if requenched and drawn to 
180,000 |*vi. 

EFEECT OF FORCING RunicrtoN ON TRANSVERSE 

REDUCTION OF AREA 

Studies showed that with increasing forging re- 
duction the average for transverse reduction of area 
increased at first, passed through a maximum (prob- 
ably at below 4; I reduction), decreased rapidly, and 
finally decreased more slowly. Also, with increasing 
forging reduction, the average for longitudinal re- 
duction of area at first increased rapidly, reached a 
maximum value (probably at below 4:1 reduction), 
and then remained practically constant.MS 

There were those in Army Ordnance who be- 
lieved that the effect of forging reduction on trans- 
verse ductility should be taken into account in spec- 
ifying minimum transverse reduction of area re- 
quirements for the acceptance of those gun tube 
forgings which, if worn out in service, would be 
more likely to fail by progressive stress damage than 
by erosion. For this reason, a higher minimum 
transverse reduction of area quality was required 
lor the acceptance of forgings (Specification 57- 
ICfiA). 

EFFECT OF ANCLE OF TEST (RELATIVE TO FIBER 

DIRECTION) ON TRANSVERSE REDUCTION OF AREA AND 

ON TRANSVERSE IMPACT RESISTANCE 

As the angle of test i» increased from 0 degrees 
(transverse) to 90 degrees (longitudinal), both aver- 
age impact and average reduction of area values arc 
increased. However, up to 20 degrees the increase 
h too small to IK: of much practical significance.148 

Since the twist of seamless tubes at positions away 
from the upset or breech end rarely causes the 
angle between the fiber and the longitudinal axis 
of the tube to be much above 20 degrees, both aver- 
age reduction of area and average impact values for 
nominal transverse specimens cut perpendicular to 
the longitudinal axis of the tube are not signifi- 
cantly different from, comparable true transverse 
averages for specimens cut perpendicular to the 
fiber direction. Since the Specification WVXS-I3I 
used for the acceptance of seamless tubes recjuires 
specimens to be cut only from muz/le ends of tubes, 
that is, away from the upset breech end, and in 
view of the above fon»iderations; modification of 
Specification WVXS-I3I docs not appear to be 
needed. 
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J.2.6 Specifications 

Information accumulated by the investigators on 
Project NRC-38 resulted in a better understanding 
of quality needs in gun lubes, especially with re- 
sptct to transverse reduction of area, and allowed 
better evaluations to be made of the quality pro- 
duced with respect to yield strength, transverse im- 
pact, and transverse reduction of area than had 
previously been possible. On a basis of this and 
other information available to Army Ordnance, 
speciheations for wrought gun tubes were written 
from time to time during World War II. These 
specifications are (1) WVXS-78, (2) WVXS-88. (3) 
WVXS-95. (4) WVXS-131, and (5) U. S. Army 57- 
I0ÖA. 

SPECIFICATION WVX,S-78 

Specification WVXS-67. adopted February 28, 
1942, was found to be inadequate for procurement 
of cannon tubes made from seamless tubes and heat 
treated in continuous furnaces, largely because the 
amount of tensile testing required was excessive. As 
a result of utilizing s'atistical methods for consider- 
ing tensile data for acceptance and rejection of gun 
tubes, it became possible to develop Specification 
WVXS-78, effective November 3, 1942. This specifi- 
cation has proved highly efficient in obtaining tubes 
of a quality equal to or better than those accepted 
by the older specification and in rejecting tubes of 
unsatisfactory properties. At the same time, it re- 
duces the number of tests required and encourages 
the producer to make tubes of higher minimum 
quality than hitherto in order to take full advan- 
tage of the reduced testing features. The specifica- 
tion is applicable to any method of tube manufac- 
ture, provided the number of tubes per heat is 
large and also that the heat treatment is closely 
controlled. 

Under this specification, tubes of superior quality 
ivith respect to yield strength and äransverse reduc- 
tion of area are accepted in heal lots, whereas lubes 
of much poorer quality which are rejected in heal 
lots often were accepted, at least in part, on an 
individual tube unit basis. 

As a result of replacing WVXSß? by WVXS-78 
for the acceptance of seamless tubes made between 
November 1942 and February 1944, about 100,009 
tensile tests ami hrtwen 1,500 and 4,000 heat treat- 
tnents were sa»'ed. Because of this, personnel were 

released for other duties, equipment was released 
for additional work, the smoothness of operation 
and of scheduling was improved, and cost was re- 
duced. These savings occurred at a critical period 
in World War 1.1 when a more fruitful utilization 
of man power and equipment was of utmost impor- 
tance. The operating characteristics of Specification 
WVXS-78 are described in detail in Part I of the 
final report on Project NRC-38.H1 

SPECIFICATIONS WVXS-88 

This specification was written primarily for the 
acceptance of 37-min gun tube forgings supplied by 
one company. Tubes having superior transverse 
ductility are accepted in heat lots, while lubes hav- 
ing jKJor transverse ductility are rejected in heal 
lots, but may be accepted, at least in part, on an 
individual tube unit basis. Tubes are accepted for 
yield strength in batch lots' whenever yield strength 
data indicate that the batch yield strength average 
is far enough removed from specification limits and 
the variation of yield strength in the batch is suffi- 
citntly low to insure that all tubes in the batch 
have adequate yield strengths. However, lubes from 
failed batches are resubmitted for inspection on an 
individual tube unit basis. 

In WVXS-88, the minimum average reduction of 
area requirement was decreased as the yield 
strength of tubes submitted for inspection was in- 
creased. The values written into this specification 
were based on work done on Project NR.C-38. 

Since only about 1,300 forgings were submitted 
under Specification WVXS-38 before it was super- 
seded by WVXS-95, the benefits derived from its 
use were small. However, it did result in the saving 
of about 2,000 tensile tests and 500 heat treatments. 
A report on the operating characteristics of Speci- 
fications WVXS-8 and WVXS-95 was prepared.»" 

SPECIFICATION WVXS-95 

This specification was developed for general ap- 
plication to all wrought gun tubes of various types 
and sizes for which yield strength requirements are 
above alwut 90,000 psi. 

It is estimated that about the name number of 
tubes have been accepted under WVXS-8H ant! 
WVXS-95 as were accepted under U. S. Army Sped* 
fication 57-105-1 formerly used. However, the aver- 

'A hatch lot coniiili of a group ol luliei (loin (he uine heal 
which are (cmpcml (ogclhcr. 
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aßt: traimcrsf ilndility of the tubea acce|.»cti by the 
Army Ordnance Dcparlmcnl a$ a result of using 
WVXS-MH and laicr WVXÄ-95 is higher, pinsarily 
beiau»c more lubes of low iransvene ductiiity and 
(ewer tubes of high transverse ductiiity were re- 
jccicd by cither \VVX.S-88 or VVVXS-95. 

Ilu- magnitude of savings in tensile tests and 
heat treatments which resulted from the use of 
VVVXS-95 has not yet been estimated, but they aie 
certainly very coasidcrablc. 

Sm;tnc.ATiüN WVXS-1SI 

Mm specification superseded VVVXS-78, primar- 
ily becaus« \VVXS-78 did not specify an impact 
requirement, nor did it allow the transverse reduc- 
tion of area requirement to change with the yield 
stiengih of tubes inspected. Both of these features 
were added to VVVXS-ISI, The values written into 
this ipecifkation were based on information result- 
ing from the NDRC work on Project NRC-'iS. 

SVK jncATtoN 57-106A 

Since January I, 1945, U. S. Army .Specification 
57-I06A has Ix'en in effect for the acceptance of steel 
torgings for cannon tubes. Its development resulted 
from the combined efforts of the Army Ordnance 
Department and NDRC investigations. Army Ord- 
nance ubjeciives were to write a single specification 
to (over the purchase of gun tubes which, if worn 
out, would fail by erosion, as well as gun tubes which, 
if worn out, would probably fail by progressive stress 
damage. 

It is believed that U. S. Army Specification 
fi? KMiA adequately protects the quality of accepted 
gun tubes, provides an incentive for the producer 
to submit for impectior. material of consistently 
high quality, and does not hamper production 
significantly. 

3.2.7 

■ 

Significance of Angular Fracture, 
Homogenisation, and Upsetting in 
Relation to Transverse Dyctility 

AttOt'CAIl FRACrriRF 

At the start of World War II, ihc prcience or 
absence of angular fractures was one basis for re- 
jetuon ni acceptanre of gun tube» on the premise 
that angular fractures indicate low ductility. Since 
investigation of the significance of angular fractures 

revealed that they alone are not indicative of low 
ductility, it is believed that they should not influ 
ence decisions to accept or reject gun tubes.148 

HOMOGEN izATioK 

Studies of the effect of homogeni/ation treat- 
ments on transverse ductility in forgings indicated 
that practical homogenization treatments arc un- 
likely to improve the steel (juah'ty of forgings.'40 

UPSETTING 

An investigation of the effect of upsetting on 
transverse ductility in seamless tubes showed that 
upsetting raised average transverse reduction of 
area by about 2 or 3 per cent.180 

:!.:) IN GUN STEEL 
INGOT PRACTICE 

The seamless process for making gun lubes came 
into use early in 1942 primarily because an ex- 
tremely large number of iU-mm Ml and 75-mm M'J 
tubes were required immediately by the Army, and 
it was not possible to supply forgings for such needs. 
Within a short time after tubes were first made by 
the seamless process, rejections owing to bore de- 
fects were excessively high. Actually, before the pro- 
gram for making ■10-imn Ml and 75-mni M3 tubes 
was completed, approximately 10,000 tubes had 
been lost owing io bore defects and, unfortunately, 
about half of these were at least partially and often 
completely machined before the defects were found. 
The bore defects referred to here should not be con- 
fused with quench cracks, nonmctallic inclusions, 
or flakes. They usually are quite shallow and are 
believed to 1«' internal ruptures caused by hot work- 
ing. 

As a result of the above situation, two projects 
were established. Project NRC-50 (OD-34-S), Con- 
trol of Basic Open-Hearth Melting Practice for 
Manufacture of Wrought Gun Tubes, at the Tim- 
ken Roller Bearing Company, and Project NRC-^O 
(01)-31-3), Improvement in Gm. Steel Ingot Prac- 

tice, at Carnegie Institute of Terhnoloj?™. One ma- 
jor objective common to both of the.« projects was 
the determination of the factors responsible for 
bore defect.-» and the control of these factors so as to 
eliminate, or at least greatly reduce, bore defect 
losses. On Pre -t NRC-50, steel making and pro- 
cessing factor.«      re studied, while on Project NRC- 
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39, the work was limited to a study of ingot prac- 
tices. Two other major objectives of the work done 
on Project NRC-39 were (1) to determine the effect 
of bore defects in gun tubes on tube performance, 
and (2) to supply information for the establisiuneitl 
of standards which would be useful in a quantita- 
tive study of the significance of each factor thought 
to influence the occurrence of bore defects, and for 
the assistance of the Army Ordnance Department 
in standardizing inspection procedures and in set- 
ting up specifications for the acceptance of 40-mni 
M1 and 75-nini M.S gun tubes made by the seamless 
process and containing minor bore defects. While 
such specifications are not at present available, ;i is 
known that both forged and seamless gun tubes con- 
taining minor bore defects have been accepted. 

S.3.1 Relation Between Ingot Practice 
and Bore Defects 

Investigations of the relation between each of a 
number of factors pertinent to ingot practice and 
the occurrence of bore defects failed to give leads as 
to what changes in practice were necessary to reduce 
bore defect losses in seamless gun tubes made from 
basic open-hearth steel.181 However, it was observed 
that the maximum frequency of bore defects respon- 
sible for tube losses occurred in steel coming from a 
region of the ingot containing the cone of solidifi- 
cation, and this fact suggested that a change of in- 
got practice, which would lower the cone of solidifi- 
cation so that it would not appear, should reduce 
bore defect losses in guns. It was found thai by slow 
cooling of the bottom of an ingot during freezing, 
the cone of solidification could ho confined to n re- 
gion of the ingot not contained in the ^«m tunes.Iw 

Fundamental studies of the solidification of steel in- 
gots indicated the reasons why a slower cooling ol 
bottoms should lower the cone of solidification in 
ingots.1M 

In plant experiments, the slow cooling of Ingot 
bottoms during solidification was obtained by use 
of carbon insert insulators. In commercial practice, 
the use of carbon inserts would not be economical. 
However, if desired, a practice could be developed 
which would be economical and Wwuld at the same 
time accomplish the end sought. Such a practice 
used by one Canadian steel producer is the pouring 
of steel into molds set on refractory brick bottoms. 

An experiment was planned to demonstrate 
whether, by slowly cooling the bottoms of basic 
open-hearth ingots used for seamless tubes, bore de- 
fect losses could be significantly reduced. However, 
this exptrimeni was not tried for the following 
reasons: 

I. At about the time the experiment was to be 
made, basic electric; was substituted for basic open- 
hearth steel for the manutactuie of seamless gun 
tubes. Furthermore, the probability of a subsequent 
reversal of this change was epiite low, because basic 
electric steel was much more readily available than 
basic: open-hearth steel. 

2. The change from brtsic open-hearth to basic 
electric steel completely solved the bore defect losses 
problem, whereas cooling the bottoms of ingots 
more slowly could probably only cut bore reject 
losses in half at best. 

3-3-2 Effect of Bore Defects on Performance 
of 40-min Ml and 75-mm M3 Seamless 

Gnn Tubes 

During a critical period of World War II in 1942, 
when it was important that gun tubes should be 
produced and inspected as efficiently as possible, 
several hundred seamless tubes per month were be- 
ing rejected. At that time little was known about 
the relation between bore defects and gun tube per- 
formance. Therefore, inspection standards were nec- 
essarily arbitrary. There were those who believed 
that practically all the tubes rejected for bore de- 
fects should have been accepted, and conversely, 
there were some who believed that die psychological 
effect of a visible Ijore defect in the tube of a new 
gun on the user oi the gun justified the rejection of 
the tube regardless of its performance. In this con- 
nection it should be remembered thai only a small 
percentage of the tubes rejected had bore defects so 
large as to be noticed readily except by a trained 
observer using a boroscopc. 

In order to obtain some information about: the 
influence of bore defects on the behavior of seam- 
less gun tubes, a number of such tubes were selected 
and subjec < I to firing tests.154 Four 'lO-mm Ml and 
four 75-nim M3 tubes were used for the tests. It was 
estimated that three of the 40-mm and three of the 
75-innt tubes would be classed among the worst !) per 
cetit of the total tubes rejected for bore defects. The 
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other nilx; of each si/c vva% rejected but contained 
mily tinalldckces aiul inij'.iu even have been accepted 
by other inspector». No effect on gun life and pcriorm- 
aiue was noted in ;sny ca«e. In static detonation of 
projectiles in the region of I he deferls, the defects did 
not initiate brittle failures. However, the tendency for 
the defect to enlarge on progressive firing was greater, 
the nearer the defect was to the origin of rifling. 

The observation that e«ch of eight tnbes rejected 
for bore defects had a normal life and gave a normal 
performance obviously does not justify the assump- 
tion that all the other 10.000 tubes rejected for bore 
defects would behave likewise. It is a fact, however, 
that the probability that such an assumption is true 
is definitely greater because each of eight drawn 
from the I0,(MM) showed a normal behavior. The 
assumption would be less probable if some of the 
lubes tested had behaved normally and some abnor- 
mally. In evaluating this probability, an effort was 
made to choose six of the worst tubes available. For 
this reason, it is likely that no more than MO of the 
10,000 or so rejected were as bad or worse than the 
six chosen. 

Control chart.« of bore rejects indicated a definite 
lack of uniformity in bore inspection which seri- 
ously disturbs any correlation studies1 and which 
opens the question of the significance of inspection 
methods used for bore defects. 

A study was made of bore deferts and a scries of 
pictures was obtained covering the usual range of 
defects found in practice. These pictures were dis- 
cussed with Arn«) Ordnance Department personnel, 
and a division yielding four classes of severity was 
agreed upon. This chart provides the means of classi- 
fying, by si/e and character, the type and possibly 
the severity of any particular debxt. 

A method of assigning a (piuntitative index of 
bore quality was developed, taking into considcra- 
lion frequency of occurrence, siie and character, 
and possibly severity as well as {tosition of defect 
along the length of the gun tube. This rating was 
med to provide quantitative data on bore quality 
for italislk-al mrrc'ation studies. It also was sug- 
gested to the Anny Ordnance Department tor pos- 
sible assistance as a means of description in gun 
tube insjicction records.'*5 

As a result of coojierative effort l>ctwccn the in- 
vestigators on Project NRC-39 and the Erie Proving 
(•loiiiu!. a rapid method for bore photography also 
was developed. This was used in practice at the Eric 

Prosing Ground to photograph defects in bores be- 
fore and after proof firing. 

3.3.3 Classification of Bore Defects 
in Forged Tubes 

A classification chart for bore defects in forget'. 
tubes similar to that developed for the classification 
of bore defects in seamless tubes was constructed. 
This was worked out in close cooperation with the 
Armed Services and is on file for future possible use. 

»•<  CONTROL OF BASIC OPEN-HEARTH 
MELTING PRACTICE FOR THE 
MANUFACTURE OF WROUGHT 

GUN TUBES 

The experience of the Timken Ordnance Com- 
pany in processing for gun tubes about 140 open- 
hearth heats of steel from six steel companies, and in 
processing tubes from two piercing sources brought 
out marked differences in the etch quality and physi- 
cal properties resulting from different melting and 
piercing practices. It was indicated that the type of 
inclusions found in the steel is related to the etch 
quality and the physical properties of the steel. 

In order to study this problem, Project NRC-50 
(OD-34-3). Control of Basic Open-Hearth Melting 
Practice for the Manufacture of Wrought Gun 
Tubes, was established in the laboratories of the 
Timken Roller Rearing Company in January 1943. 
The project was confined to studies of the melting 
variables in the making of steel to be used in making 
pierced or seamless gun tubes, as measured by the 
quality of the product as determined by mechanical 
and metallographic tests, acceptance records, etc. 

As it was suspected that the melting practice em- 
ployed in making the sicel was one of the nwre im- 
portant factors affecting gun tube quality, a statis- 
tical correlation was made of the numerous vari- 
able» in melting and |>ouring practices in an attempt 
to determine the most satisfactory procedure. Cor- 
relation studies of inching and pouring variables 
with resulting etch and bm- quality of gun tubes 
were conducted on 353 open-heat th heats of approx- 
imately 120 tons each. Of these, 142 were 40mm 
heats and 211 were 75-min heats. Complete logs of 
times, tenqxratures, additions, preliminary chemi- 
cal tests, etc., were obtained from the producers on 
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each heat. Altogelhei, 8 cliiferent corrolalion studies 
were made, each on a different group of 40-mni or 
75-Mim heat.s.,'"ll'Ti:,H The principal conclusions 
derived Iron; these studies are as follows:"1" 

1. Statistical correlation studies of 853 gun heals 
indicate that certain variables in molting and cast- 
ing practice affect the etch and bore rejections. 

2. The control oi the oxidizing condition of the 
slag, particularly during the rmishing period of the 
heat, has a pronounced effect on both alloy losses 
and gun quality. The more highly oxidizing and 
active slags cause greater loss of alloys and tend to 
produce poorer gun steel (as judged by increased 
gun rejections for macroetch and bore defects). 

3. More frequently than not, heats with turnings 
in the charge result in higher gun rejections. 

1. Two different types of melting practices em- 
ployed by the same producer of 40-mm gun heats 
have been found to yield markec differences in re- 
sultant gun quality. Alloy losses and rejections are 
smaller on the heats melted under less oxidizing 
conditions. 

5. FeCr additions to the bath are 'a. jied over 
Chromc-X additions to the ladle. Also, CaSi addi- 
tions to the ladle are favored over FeSi additions 
to the ladle. 

<i. Control of tapping and pouring temperature 
is most important. A medium pouring temperature 
is most satisfactory. Skulled or cold heats are defi- 
nitely unsa'.isfactory. 

7. Heats poured into ingots with "C" and "D" 
hot tops tended to be better than those poured into 
clay-topped ingots. There is an indication that 
straight pouring is preferable to back pouring. 

8. Exceptionally short and long holding times of 
heats after pouring are more frequently undesirable. 
Ingots of approximately 6,000 lb in weight should 
be held at least I hour before moving and prefer- 
ably should be charged into the soaking pits within 
4 hours after pouring. 

The rolling and piercing practices were also sus- 
pected as having some effect on the quality of the 
guns. Studies of these practices were made,159 with 
the following conclusions: 

1. Heats which are direct rolled from ingots into 
8 in. round piercing billets for 75-mm guns show 
better gun quality than those diat arc double con- 
verted into billets. Direct-rolled 40-mm heats, how- 
ever, do not show any appreciable superiority over 
double-concerted heats. 

2. The direction of piercing a gun tube, whether 
with or against the original herringbone pattern in 
the ingot, has not been found to affect the quality 
of the gun tube. 

'{. Normal variations in both drawing tempera- 
tures of billets from the piercing mill reheat furnace 
and in electrical power consumed in the piercing of 
gun tubes showed no appreciable correlation with 
the resulting gun tube. 

4. Piercing of 40-mm gun tubes with longer plugs 
is favored over shorter plugs. The greater surface 
area of the longer plug increases the amount of hot 
working on the inside diameter of the tube. 

5. With the exception of the method of rolling 
ingots into billets, factors which tended to better 
75-mm gun steel quality also bettered 40-mm gun 
steel quality. 

(i. The inherent quality of gun steel heats which 
is attained during melting and casting is by fat 
the most important factor affecting gun tube qual- 
ity. The most idea! rolling and piercing conditions 
cannot produce good quality guns from a heat 
which, for example, was poured very cold. 

The second phase of the research program was 
the determination of the relation between the RAT 
and the several inclusion rating factors of good ver- 
sus bad heats of steel.!"1h■ln,, Based on over 1,100 in- 
dividual specimens from 123 heats of stcei, a corre- 
lation was established between both quantity and 
type of nonmetallic inclusions and the RAT ob- 
tained in basic open-hearth Cr-Ni-Mo steel proc- 
essed in 40-nnn and 75-mm seamless gun tubes. 
Basing the inclusion rating on the Timken chart, 
for each unit of the radng chart in the direction of 
(ürlier steel, the average or peak of the distribution 
curve decreases about 5 per cent RAT in 75-mm 
tubes, but less in 40-nim f'ibes. With the same total 
inclusion content, the stringer-type inclusion is more 
detrimental than the nonstringer type. 

s-5 PREVENTION OF CRACKING 
IN GUN TUBES 

A study of data from the manufacturers of gun 
tubes showed that in one year, September 1, 1942, 
to September I, 1943, about 2,000 tubes of sizes vary- 
ing from 40-mm to 8 in. were cracked during heat 
treatment. For this reason, in February 1944, Proj- 
ect NRC-80 (OD-34-3). Prevention of Cracking in 
Gun Tubes, was established at Carnegie Institute of 
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Technology in order to tlovclop a suitable icst for 
cracking luscvptibtlity, to determine <au»cs of 
(|ucnch tracking, and to jjrojMnc practical stq» to 
,, *--^t, .- /■«• tngu* ffoijs crsckiisB to :i min'isiini. 

9^.1 Development of Test for 
lity 

A tent was developed for determining the crack- 
ing susceptibility of gun tube».1* The basic prop- 
crtk'» of this test arc provided by a scries of disks 
< tit from the txm M t gus: lube and V-notched on 
the ID to induce cracking during a quench. The 
notchetl test disks are quenched in a jig in such a 
way that rapid cooling occurs on ID and OD sur- 
faces only, tint is, heat is abstracted from the disk 
wall radially. Cracking susceptibility is nicasured 
by an Index value. As this value increases, the crack- 
ing susceptibility decreases. Notchetl disks from a 
portion of tube having a cracking susceptibiUty of 
14 in. would sometimes show notch cracks if the 
ID notches in the quenched disks were 14 in. deep. 
(Use root of notch is 0,012 in. and angle of notch 
is always 30 degrees.) Disks with 3/lft-iii. notches 
would rarely ever track when quenched, and disks 
with S/UHIJ. notches practically always would 
crack. The reproducibilsty of the test is probably 
good to within plus or mimis 8/16 in. of the index 
value. 

No significant correlation was found to exist be- 
tween determined index values and percentages of 
Ittbe» cracked per heat. The failure to find such 
a correlation probably resulted from tnadtquate 
sampüng rather than from a lack of sensitivity of 
«he test. When a treatment is used which causes all 
the material so treated to crack much less easily, 
then it is htrnvn that such a treatment raises the 
index values as de»ermined in the cracking suscep- 
fibiliiy test. For example, prcbore quenching raised 
the ID intle» value determined by the cricking test 
and lowered tracking kmes as determined by one 
company. 

S.SJ Causes of Quetsch Cracks 

Quenth cracks occur when tensional stresses are 
high enough to came rupture. If such sircsses are 
lufhcientiy high, cracks occur in steel of superior 

quality, and if steel quality is sufficiently poor, rela- 
tively low stresses cause cracking. Unfortunately, it 
is  often  quite  diflicult   to  determine  whether  a 
quench track results from a change of stress pattern 
(heat treatment), j)oor steel quality, or a combina- 
tion of Iwth. (Other potential causes listed below as 
"remedies" also may be of considerable importance.) 

Tentatively, it was concluded that cracking sus- 
ceptibility is a heat characteristic. This means that 
even if heat treatment were held constant within 
the smallest limits of variation possible, cracking 
losses  |>er heat would still  be expected  to vary 
markedly from heat to heat. The primary cause of 
the variation of cracking susceptibility among heats 
has not yet been discovered. Tubes not normalized 
tend to track more easily than do those which are 
normalized, and tubes of relatively high carbon 
crack more easily than do those which have lower 
carbon   content.  At   present,   however,   effects  of 
normali/ing and carbon content, within the range 
studied, arc believed to be quite minor causes of 
cracking. Ingot bottom weakness (region of cone of 
solidification) is believed also to be a cause of crack- 
ing in gun tubes. Quenching from too high a tem- 
perature and quenching for too long a time showed 
evidence of causing quench cracks, but within the 
normal temperature and time ranges used in com- 
mercial ptactice, these factors too are only of minor 
significance from a practical point of view. 

3.5.3 Remedies for Rediscing Quench 
Crack Losses 

The remedy to be applied for the purpose of 
reducing quench crack losses tlepends on whatever 
the major cause of cracking happens to be in the 
particular practice considered. This is not the same 
for each practice. 

Quench-crack losses may be reduced by (1) prc- 
bore quenching, (2) using basic electric instead of 
basic open-hearth steel, (.S) tempering as soon after 
the quench as possible, (4) using the lowest carbon 
content steel possible which will give the desired 
yield strength after the quench and temper, (5) 
choosing a composition which gives to steel little 
more than the hardenability desired and as high 
an Af.« tenqjerature as possible, (G) using a normal- 
ising treatment before heating for the quench, (7) 
quenching from the »owest  temperature possible 
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which will give desired properties afti r the quench 
and temper, (8) holding in quenching medium for 
optimum time, depending upon the gun type, size, 
and heat-treatment pratuvf.', (9) improving loading 
arrangement of tubes in batches to be quenched 
so that each tube is more uniformly quenched, and 
(10) improving the water circulating system. 

In referring to remedies for reducing quench- 
crack losses, an attempt has been made to arrange 
them in order of effectiveness. It is believed that 
preborc quenching, which heads the list, is so effec- 
t:ve and so generally applicable that its proper use 
in any practice is likely to reduce cracking losses to 
insignificance. One company lost four out of twenty- 
four 8-in. howitzers owing to quench cracks when 
the tubes were quenched simultaneously on both ID 
and OD surfaces before being tempered, but lost 
no tubes at all out of 172 when the bore was 
quenched for 2 minutes before ID and OD surfaces 
were quenched simultaneously. 

Effects of each of the other variables seem to be 
beneficial when applied to one practice but of ques- 
tionable value when applied to another practice. 
Considerable work remains to be done before the 
relative usefulness and applicability of the; remedies 
mentioned above can be quantitatively evaluated. 
Work on this problem is being continued under 
an Army Ordnaiue Department contract. 

'•• HEAT TREATMENT OF GUN STEELS 

It was made clear in the previously described 
itudies that different heats of gun steel require 
lifferent tempering temperatures in order to de- 
/clop the required yield strength, and that each 
leat may have to be treated as a separate batch, 
ather than allowing tubes from different heats to 
ye mixed, tempered at some arbitrary temperature, 
md individually tested with the result that many 
ubes have to be retreated. Thus, the selection of 
he proper tempenng temperature and time for 
empcring each heat becomes an important step. 

It Is well known that equivalent tempering can 
je accomplished at a relatively low temperature for 
i long time or at a relatively high temperature for 
i short time. If the tempering furnace has good 
emperature uniformity and if the charge is so 
>laccd that all parts of it have equal ingress of 
teat, that is, if the charge is properly loaded into 
he furnace, the higher temperature and shorter 

time make for more rapid production. The degree 
to which ihe quenched steel is tempered is well 
indicated by the hardness. 

For best properties in gun lubes (and in homo- 
geneous armor), the steel must be quenched fully 
to martensite before tempering. If, during quench- 
ing, there is partial transformation at a relatively 
high temperature of austenite to ferrite and pcarlitc, 
or at a lower temperature to a range of acicular 
structures known  as bainite, and  if part  of the 
austenite is thus used up in forming these structures, 
only a portion of the austenite remains to form the 
desired martensite at the low temperature at which 
this change occurs. On tempering, the desired tem- 
pered  martensite   (secondary  troostite or sorbite, 
according to the tempering temperature) is inter- 
spersed with the ferrite-pearlite, or with tempered 
bainite, or both. These tempered nonmartensitic 
structures may have a hardness close to that of the 
desired tempered martensite, or they may be present 
in too small an amount to show up in the hardness 
determination. Their presence, however, is revealed 
by examination under the microscope. Such struc- 
tures noticably depreciate the mechanical proper- 
ties, and the notched bar impact resistance at low 
temperatures. 

When nonmartensitic transformation products 
appear on quenching, the steel is said to be slack 
quenched. Failure to produce martensite results 
from too low a rate of cooling. The outside of a 
quenched gun can be chilled rapidly enough in the 
quench to make it martensitic, but, unless the au- 
stenite is sluggish enough to stand a lower rate of 
cooling without tranjfonning to nonmartensitic 
structures, the center or even the outside partly 
transforms to these nonmartensitic structures. Plain 
carbon steel has nonsluggish austenite; in large sec- 
tions, the center docs not transform to martensite 
but rather to one or both of the nonmartensitic 
structures. 

Catbon steel, therefore, is relatively shallow hard- 
ening to different degrees according to the carbon 
content. A drastic quench, such as water under 
pressure, brine, or other water solutions, cools the 
outside more rapidly than docs oil, and slightly 
greater depth hardening can be obtained in carbon 
steels by water quenching instead of oil quenching. 
But even water-quenched carbon steel will not 
harden properly all the way through in sections 
corresponding to those of gun tubes, such as 40-mm, 

/ 
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//i-iiiin, and larger. Urnte, an alloy steel niu.^t IR- 

iiM;d in which one or more alloying elements are 
pmenc to make the atotenile sufficiently singgish 
M) that it decs tint iramform to nonmartensitie 
itructurcs. Such steels are more deeply hardening. 
As tlie section u> be quenched increase«, more alloy, 
ami preferably l:wo or three rather than just one 
alloying element, is required. 

The hardenabilitv of steel is evaluated by the now 
familiar joiuiny tesi in which one end of a cylinder 
is utiemhed by water under pressure, the other end 
not being touched by the water. After quenching, 
the distance back from the quenched end at which 
the d-.rcd hardness and structure have been ob- 
tained measures the hardenability of the steel. It is 
necessary to note that commercial evaluation of the 
jominy test is often made on the basis of the dis- 
tance from the end of the test bar at which 50 per 
cent martensite is obtained because at that per- 
centage, in  plain-carbon steels, there is an easily 
discerned difference in etching behavior.  But 50 
[K-r renü   martensite is slack quenching and the 
structure less desirable for ordnance purposes, com- 
pared to a fully martensitic structure. In gun steels 
a drop of five |Joints in Rockwell C hardness is 
taken as an approximate criterion, but even this 
does not insure abveiuv of large amounts of bainite. 

jominy hardenability testing for quenched hard- 
ness tells nothing about the structure or the fitness 
for gsms or armor. The standard bar may show 
little drop in hardness clear out to the air-cooled 
end, vet that stcc! fails to harden at the center in 
the quenching of a heavy gun. It is necessary to 
evaluate alloy steels being considered for guns and 
armor in much more thorough fashion. 

Chemical conqmsition is only a means to an end 
and of no value in itself. Many combinations of de- 
ments and amounts of elements can be utilized 
equally well to avoid slack quenching. But, for con- 
servation of available supplie of alloying elements, 

so that any other suggested composition can be 
promptly put through its paces to determine how 
well it avoids slack quenching. 

:;.',, I Time -Temperamre-Hardness 
lations 

it makes 2 grest difference whether a composition is 
chosen with just enough of readily available Cle- 
ments, or whether, through ignorance of the exist- 
ence of subilitiites, the composition calls for large 
amounts of critical or strategic alloys. Moreover, 
since the availability of different alloy'ng elements 
varies from time to lime and, under some conditions, 
may not be predictable, there is need not only for 
evaluation of substitute compositions that appear 
logical under the supply crmdiiions of the moment 
but also for clarification of the methods of evaluntion 

To secure fundamental data on the thermal 
characteristics of gun steels from which improved 
heat-treatment cycles might be developed by gun 
manufacturers, Project NRC-S6 (OD-34-8), Metal- 
lographie and Physical Properties of New Types of 
Gun Steels, was established at the University of 
Notre Dame du Lac in October HH2. 

Tbc initial phase of the investigation was a study 
of the time-teinperature-hardness relationships of a 
typical gun steel, if one assumes that in actual prac- 
tice the tempering time will be held constant and 
only the temperature adjusted to the needs of the 
particular heat, the determination of the correct 
temperature can be made by tempering for a stand- 
ard time a properly quenched, long specimen in a 
furnace in which there is a temperature gradient 
covering the temperature range that is of interest, 
determining the hardness gradient thus produced, 
and from the results selecting the correct tempera- 
ture to produce the required hardness. With two or 
more such gradient furnaces, operated for different 
tempering times, the time-temperature relations can 
IM? worked on;. 

However, it was found that it was not necessary 
to make the test quite so elaborate, since use could 
be made of an experimentally ascertained relation- 
ship by which, when the reciprocal of the absolute 
temperature is plotted against the natural logarithm 
of the reciprocal of the time, a straight line results 
for the observed points corresponding' to any chosen 
hardness level. The straight lines for each hardness, 
that is, 40, 35, and SO Rockwell C, are practically 
parallel. Then, if specimens are tempered at one 
fixed temperature but for two or more times, and 
if the results are plotted, the timc-temperature-hard- 
ncss relations arc made evident. They can be ex- 
pressed for each hardness level in terms of the inter- 
cept and slope of the plotted line. Once the slope 
is known for a given type of steel, a single specimen 
from each heat can be tested at one time and tem- 
perature, the result plotted, and a straight line 
drawn parallel to the standard slope. Thus, for ex- 
ample, by tenpering specimens at 1175 F for 1 hour, 
it was shown that to produce the specified hardness 
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for •lO-nun UIIK,'» for four different heals of the same 
type of steel would require tempering temperatures 
of 1150, 1160, 1170, and 1180 F. These would then 
meet the hardness sperirualions exactly. If all had 
been tempered at the average temperature of 1165 
F, the heats that needed 1150 F and 1180 F would 
not have been tempered correctly.101 

This test method  for determining the  correct 
tempering temperatures for fully hardened and tem- 
pered gun tubes was adopted by the Timken Roller 
Bearing Company, a manufacturer of seamless gun 
tubes, and resulted in the development of an im- 
proved heat treating practice. In this practice, which 
was fully automatic and continuous, the only vari- 
able which could be adjusted easily was the temper- 
ing temperature. By the use of this test method, the 
optimum tempering temperature of each heat of 
steel was employed. This resulted in a substantial de- 
crease in the number of rejections and a correspond- 
ing increase in production of seamless gun tubes. 

To extend the use of this method of predicting 
optimum tempering temperatures to other types of 
gun steels being used, Project NRC-85  (OD-34-3), 
Time-Ttmperature-Hardness Relations in New Gun 
Steels, was established in June 1944 at the Univer- 
sity of Pittsburgh. 

This investigation covered studies of eight se- 
lected gun steels, one of which was similar to that 
upon which the original test was developed, as well 
as an armor composition which was suggested by 
Watertown Arsenal for a comparison with the gun 
steels. 

Earlier findings for steels of 0.30 to 0.60 per cent 
carbon were corroborated.,(i-•,,l!, A lower carbon 
steel behaved somewhat differently, but in the car- 
bon range used in most guns and armor, the general 
patterns of behavior on tempering were so similar 
that predictions as to temperability, and the effect of 
alloying elements upon it can be made with consider- 
able accuracy and with a minimum of exjjeriment. 

These investigations of time-iempcraturc-hard- 
ness relations demonstrated principles applicable to 
any heat of that steel, or to any heat of any other 
steel that shows complete martensitic hardening on 
quenching in the sections obtaining in the gun 
tubes being made. 

S.6,2 Slnck Quenching 

and the limited knowledge of these structures, the 
investigation of the hea' treatment of gun tubes at 
Notre Dame, Project NRC-36, was extended to in- 
clude a systematic study of the tempering charac- 
teristics,   metallographic   structures,   and   physical 
properties of gun steels with siack-quenched struc- 
tures.   It   has   been   found   generally   that   slack- 
quenched gun tubes have inferior physical proper- 
ties, especially  with  respect  to  impact  strength. 
Probably the most important information relevant 
to this problem is the time for initial decomposition 
at any temperature and the nature of the product 
or products of decomposition at that temperature. 
Since a systematic attempt to study slack-quenched 
structures must be preceded by a thorough knowl- 
edge of the S-curvc for the steel under consideration, 
S-curvcs for ten typical gun steels were determined 
with  particular emphasis on  the  temperature of 
martensitc formation.,,11 

The behavior of a steel in respect to retention of 
austenitc is mapped traditionally by the S-curve. 
This is obtained by the isothermal laeihnd, that is, 
the steel is heated until it becomes austcnitic, then 
immersed in a fused salt or fusct lead b; JH..H.J 

Because of the very different behavior of gun 

there at a definite temperature for a definite time, 
and then quenched in order to transform to mar- 
tensitc the austenitc not previously transformed to 
fcrrite, pearlite, or bainite. The piece is then exam- 
ined for hardness and structure. With enough data 
taken at various different times of residence at tem- 
perature, a behavior chart is made, showing the 
range of time and temperauire the austenite can 
endure without changing over-  to a nonmarten- 
site product. Tbi? "hart gives a correct picture for 
the behavior under just sucii isothermal conditions, 
but the picture is incorrect for quenching conditions 
where the  temperature  is  continually  dropping. 
Empirical  corrections  have   been  suggested,   but 
since these are not generally applicable with any 
degree of exactness, the use of ordinary S-curvcs in 
evaluating gun steels has distinct limitations. In the 
experimental examination of methods of evaluating 
ihe true slack-quenching behavior, it appeared that 
bainite is formed in two stages and that austenitc 
letained with it is persistent, that is, resists decom- 
position  on  tempering  after quenching,   but  on 
cooling from  the  tempering temperature  it may 
transform to fresh, hard, brittle martensite. 

In this investigation it was tentacivcly suggested 
»hat the presence of this brittle, untempercd mar 

/ 

lubes with slack-quenched and tempered structures   tensile, as well as the recognized deleterious presence 
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of Ccrritc or bainitc, is partially responsible for   tember 1912, and the testing machine was shipped 

■ 
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much of the [>oor mechanical behavior of a slack- 
(|uetKhed structure. If this is true, a second temper 
ing to temper this latc4ormedmartensitc»hould help. 

In 10 steels of such hardenability as to be of some 
interest for guns, this same two • bainitc - reaction 
phenomenon was noted. All the steels contained 
0.30 to 0.40% C. Some of them bad 11/2% Mn, 2 
to 2.75% Hi, O.M to 0.80% Cr, 0.25 to 0.10% Mo, 0 
to 0.10% V. Others, with no or low nickel, contained 
0.00 to 1.00% Cr, 0.20 to 0.55% Mo, 0 tc 0.12% V. 
One had no Ni, 1.00% Cr, 1.00% Mn, 0.50% Mo. 
0.10% V, Regular S-curves were drawn for these 
on the basis of isothermal holding and resultant 
slructure and hardness, and dilatometer tests. Some 
infoitnation was obtained on the speed of the first 
and second hai.iite reactions as a function of tem- 
perature. 

This work was insufficient to evaluate the possi- 
bilities of the steels as gun steels, inasmuch as to 
bring out those possibilities would require slack 
cptenching, double tempering, and determination 
of mechanical properties at the time maximum at- 
tention had to be directed to guns requiring thor- 
ough quenching. The work indicates that evalua- 
tion on the basis of S-curves, as ordinarily obtained, 
may eliminate stecb that, heat treated in the light 
of the evidence obtained, would produce good qual- 
ity guns and lie economical of strategic alloying 
elements. 

M FATIGiUE STRENGTH OF GUN STEEL 

At the request of the Army Ordnance Depart- 
ment, the Metallurgy Section of the former Division 
B. NDRC. established Project B-189 (OD-34-10). 
Fatigue Strength of Selected Gun Steels Under 
(Combined Stress, at the University of Michigan in 
October 1941. The program covered combtned-in- 
phase bending and torsion fatigue tests. A testing 
machine designed for a spcai of S.fiOO rpm was con- 
structed and a pilot test was made on SAE X4S40 
steel,'61 The tests were based originally on the im- 
postame of determining characteristic relationships 
at die endurance limit (10,000,000 cycles) and, for 
this reason, the data available for (he determina- 
tion of any definite trend at higher sires*cs are 
insufficient. 

Since the results of this study were highly unccr- 
lain ami since it appeared that the effort could be- 

to Watertcwn Arsenal for possible future use. 
The few data obtained on this investigation itK'.y 

have a bearing on the multidirectional stress prob- 
IRITIS met in the ship failure problem, discussed in 
Section 6.2.3 of this report. The results tentatively 
indicated that when repeated bending is predom- 
inant failure tends to be in the normal brittle 
fashion of the ordinary fatigue test, but changes 
to a ductile failure when repeated torsion is pre- 
dominant. 

3-B        DEVELOPMENT OF NEW GUN 
STEELS 

In February 1944, the Research Group, Subcom- 
mittee on Gun Forgings, Ferrous Metallurgical Ad- 
visory Board, Army Ordnance Department suggested 
the establishment of Project NRC-81 (OD-S-M), 
Development of High - Strength Gun Steels. Al- 
though the OSRD contract was placed with the 
Vanadium Corporation of America, the research 
program was a cooperative effort. The heats of 
steel, the compositions for which were selected by 
the War Metallurgy Committee Project Advisory 
Committee, were made by the Midvale Company, 
the specimens were prepared and heat treated by 
the Vanadium Corporation of America, and the 
tests were made by the United States Steel Corpora- 
tion Research Laboratories, by Watcrtown Arsenal, 
and by the Vanadium Corporation of America. 

The purpose of the search Cor new gun steels 
was to find a steel reasonably amenable to regular 
steel-making processes, forging, etc., by which the 
yield strength now consistently obtained in 75-mm 
guns 140,000 to 170,000 psi, and in 7fi-mm guns, 
150,000 to 180.000 psi, might be reached in larger 
sizes. 

The logical way to reach this goal is through the 
development of a deep-hardening steel with an S- 
curve such that bainitc is avoided and martensüe 
produced at the center of the section of quenching. 

The same approach was taHn here as in the 
armor projects119-1*3 discussed in Section 2.S of 
this report, that is, systematic variation of composi- 
tion and determination of the resultant harden- 
ability and S-curvcs. Jn the gun steel work, the level 
of carbon content was higher than that in the 
armor project», and or.!'- the ordinary alloying ele- 
ments, manganese, nickel, chromium, molybdenum, 

applied to problems of more urgent importance in and vanadium, were utilized. The study of boron 
the war effort, the project wa? terminated in Sep    additions was to be deferred until (he preferable 
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combinations of the other elements  were ascer- 
tained. 

Attention was directed especially to the crucial 
part of the S-curves, that just above the temperature 
of the start of martensite formation ilf^at which the 
too earlyfonnation of bainite would introduce unde- 
sirable properties. Among other treatments, isoiher- 
mally treated notched bar impact specimens that 
had been held for varying times just above the Ms 
point were quenched and tempered, cooled, and 
tempered back to 40 Rockwell C. This gives an 
opportunity for retained austenite to transform to 
martensite on cooling from the first tempering, and 
this martensite in turn to be tempered. The impact 
values on specimens so treated serve as an indication 
whether bainite has been produced in the isolther- 
mal treatment. This simulates the quenching cycle 
of the so-called "martempcring" process which holds 
a heavy section just above the Ms point for temper- 
ature equalization before quenching. 

Jominy curves, S-curves, Ms temperatures, and 
impact values after the treatment discussed above 
were determined and reported108'160 for some two 
dozen compositions, some of which showed promise. 
The work was of a preliminary nature, aimed to 
pick out die most promising lines of attack. It will 
need to be carried further and ultimately to be 
supplemented by a study of boron additions to the 
more promising compositions. 

The basic metallurgical data such as Jominy hard- 
enabiliiy curves and S-curves for the SAE and the 
NE steels that serve for the smaller sections made 
from heat-treated steels are available in published 
literature, but no published survey of steels foi- use 
in heavy sections compares in completeness with the 
studies of heavy armor and large guns made in 
these NDRC projects, incomplete and preliminary 
as they still are. 

It is understood that research of this nature will 
be continued by the Army Ordnance Department 
in the research laboratory at Watertown Arsenal. 

»•9      PRESENT STATUS OF RESEARCH 
ON GUN STEELS 

Further work was needed on several phases oi 
the NDRC research program on gun steels when 

the principal projects were terminated in June l!M.r> 
in accordance with the NDRC demobilization plans. 
This was recognized by (he Office of the Chief of 
Ordnance, and arrangements were made to have 
the projects conducted at Carnegie Institute of 
Technology transferred to direct Army Ordnance 
contracts. The projects concerned are Project NRC 
38, Improvement in Wrought Gun lubes; Project 
NRC-39, Improvement in Gun Steel Ingot Practice; 
and Project NRC-80, Prevention of Cracking in 
Gun Tubes. These continuing phases of the gun 
steels research program were mentioned as each 
topic was discussed in this report. 

Other work also seems to be desirable. Cracking 
is still a major factor in rejection, and the causes 
have not been determined nor have methods been 
devised to determine adequately the propensity to- 
ward cracking. 

The possible beneficial effect of double tempering 
of steels with retained austenite should be explored 
further, since it might be an important factor in 
the selection of alternate steels. 

Search should continue for alternate steels that 
are not too prone to injury on slack quenching and 
yet do not call for large amounts of strategic alloys; 
and, since the supply of any one alloy may fluctuate 
widely, different alternates should be worked out 
and comprehensive data put on the shelf to be 
taken down as need arises. Regardless of the alloy 
situation, compositions or treatments less prone to 
cracking on quenching and producing better tough- 
ness at high yield strengths are needed. 

•'<> INDEXING OF 
ON GUNS 

13 REPORTS 
GUN STEEL 

To make the research information in the many 
Division 18 reports on guns and gun steels more 
readily available and to enhance the usefulness of 
the reports, the librarians of the Research Informa- 
tion Division of the War Metallurgy Committee 
prepared a comprehensive index of all of the re- 
ports issued. This index1 fl7 provides ?. subject index 
of the information obtained on the topics studied 
and a listing of the projects with the serial numbers 
of the reports submitted on each. 

/ 
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AMMUNITION 

^s INTRODUCTION 

■ 

Fiv»; INVCSTICATIONS were conducted on materials 
for three componenti of ammunition; armor- 

pierdng shot, cartridge eases, and driving bands. 
These studies were made at the request of the Office 
of the Chief of Ordnance and were but phases of the 
extensive ammuniiion programs being conducted by 
the War and Navy Departments. 

u ARMOR.PIERCING SHOT 

As one phase of the alloy conservation progrram. a 
study was made of the use of the special nonalloy 
steels for the manufacture of armor-piercing capped 
shot to obviate the use of critical alloys. Since the 
use of special addition agents in plain carbon steels 
had been invemgated by the Bufck Motor Division 
of General Motors Corporation during the period of 
automotive psoduction and had been applied suc- 
cessfully in the manufacture of various high duty 
parts. Project NRC-37 (OHIO?). Investigation of 
the Use of Special Non-Alloy Steels for Armor-Ficrc- 
ing Capped Shot, wa* established at Buick. 

The initial phase of this research program was 
confined to studies of steels treated with additions of 
Grainal (a complex deoxidizing agent containing 
vanadium, rakium, aluminum, and boron) replac- 
ing the usual alloying elements used for the manu- 
facture of the WD-4150 modtfied 37-nim projectile. 
Various modifications and heat treating cycles were 
tried to determine which would produce a projectile 
having the best ballistic properties. The tests cc«v 
ducted on the stee3 from which each lot of projectiles 
was machined included chemical, tensile, hod im- 
pact, josniny hafdenability, grain size, and inclusion 
counts. Samples of each completed lot of projectiles 
were examine*! for hardness pattern and microstruc- 
ture and then submitted to the Aberdeen Proving 
Grounds for ballistic tests. The results indicated that 
satisfactory projectiles could be made of Grainal- 
treated nonalloy steels as the performance of two of 
the experimental lots exceeded that of the standard 
projectiles with which they were fired,16» 

The second phase oC the research program was con- 

cerned with the development of a shot with superior 
ballistic properties from both nonalloy and alloy 
steels. One of the most significant difficulties en- 
countered in the performance of 37-mm AP projec- 
tiles was the destruction of the projectile ogive upon 
impact. This was not so common with AP projectiles 
of larger calibers. Various modifications in process- 
ing, together with a number of different steel com- 
positions, were tried in an effort to improve shot 
performance. Among these were the carbumation of 
the ogive, austempering, design changes of the pro- 
jectile body and cap, and rcfincincnt of the induction 
base draw and hardening cycles. A projectile with 
the rough contour of the ogive formed by forging 
which had passed through a Ii^-in, face-hardened 
armor plate intact was examined, and a lamellar 
pattern in the hardened zone was found. This dis- 
closure subsequently influenced all experimentation 
on the project. The investigators believe that the 
most significant development of the work on this 
phase of the program is the importance of the heat 
treating cycle. The ballistic performance of each of 
six experimental lots was outstandingly successful. 
These lots were composed of three steels of widely 
different compositions, each of which had been heat 
treated with special reference to the particular niate- 
rial involved.189 

It appears that a boron-treated simple manganese 
steel NE-9262 boron-treated NE-9465, or other steels 
of similar hardenability, will serve equally well for 
the fabrication of AP shot, structure and hardness 
gradient being the important factors rather than 
composition. A;; the work on !his project was limited 
in scope, it should be correlated with the mass of 
information obtained in the production and testing 
of the millions of AP shot of this and other sizes 
produced by various contractors who applied various 
types of heat treatment to secure the desired graded 
hardness. 

4J CARTRIDGE BRASS 

Three investigations relating to stress-corrcsion 
cracking of cartridge brass were undertaken at the 
request of Frankfoid Arsenal. These covered (1) the 
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pt^vention of stress-corrosion, (2) (he detection and 
elimination of internal stresses contributing to stress- 
corrosion, and (3) the effect of volume changes asso- 
ciated with phase changes. 

■1.9.1 Stress-Corrosion 

In the forming of brass cartridge cases, internal 
stresses are introduced. Unless these stresses are com- 
pletely relieved, a residual stress remains. Under 
some corrosive conditions arising from the powder 
inside the case or fr^m the atmosphere outside, stress- 
corrosion cracking may occur which spoils the case. 
Old ammunition which has been in storage may be- 
come useless because of this. This phenomenon was 
at one time referred to as season-cracking, but with 
subsecjuent knowledge that many alloys crack under 
corrosive conditions which tend to attack grain boun- 
daries when the alloy is under tensile stress (either 
residual internal stress or externally applied stress), 
the term stress-corrosion has been adopted. The 
problem is as old as the brass cartridge case, but it is 
still a continuing problem. 

PREVENTION OF STRESS-CORROSION 

Since stress-corrosion cracking requires both stress 
and corrosion, avoidance of either factor, stress or 
corrosion, will prevent it. Of course, prevention of 
any sort of corrosion, whether it produces cracking 
or nor, is worth while. 

Under their control number OD-25, the Office of 
the Chief of Ordnance requested NDRC to investi- 
gate a variety of coatings to supplement Frankford 
Arsenal's work on organic coatings. Project NR.C-27, 
Prevention of Stress-Corrosion Cracking of Cart- 
ridge Brass by Protective Coatings o*- Surface Treat- 
ments, was established in the research laboratories 
of the New Jersey Zinc Company. 

Since cartridge brass is composed of copper and 
zinc, electroplating the case or the brass strip from 
which it was formed with one of these metals is a 
possible method of protection. 

To study the protective value of these and other 
coatings, tensile specimens of stress-relieved cartridge 
brass strip were dead-weight loaded to 15,000 psi 
and subjectet! at 99 F to an atmosphere of 82 per 
cent relative humidity containing 90 per cent air, 
20 per cent ammonia g£.$, and a small addition of 
carbon dioxide. This is a standard accelerated test, 

the results of which correlate well with actual service 
exposures. Unprotected specimens break in 5 hours 
under the test conditions. 

Copper is attacked by ammonia under these con- 
ditions, but there was a possibility that the attack 
could be slowed down. However, the results of the 
investigation indicated that thin coatings of copper 
give no benefit and a coating 0.0012 in. thick only 
delays failure about 50 hours, whereas a zinc coating 
of the same thickness delays failure about 470 hours. 
Even thin coats of electroplated zinc prove effective 
and, moreover, extend electrochemical protection to 
bare areas where the zinc coating had been scratched 
away. The effectiveness is proportional to the thick- 
ness of the zinc coating. The corrosive atmosphere 
slowly removes zinc, but the zinc exercises protection 
as long as even a thin coating remains and as long 
as bared areas from which zinc has been completely 
removed are not too large. Thick zinc coatings pro- 
tect larger bare areas than thin ones. 

The applied stress is not a major factor. Stresses 
ranging from 10,000 to 24,000 psi do not affect the 
breaking time of zinc-coated specimens. That is, as 
long as the coating prevents corrosion of the brass, 
stress-corrosion cracking does not occur. After cor- 
rosion of the zinc coating exposes a brass area too 
large for electrochemical protection to be effective, 
the brass behaves as it would without zinc, that is, 
brass containing internal ••iress fails rapidly while 
the stress-relieved material stands up. 

Zinc slowly diffuses into brass at somewhat elevated 
temperati i Zinc coatings of various thicknesses 
allowed to uiffuse for two months at 203 F xvere 
found to afford as much protection as those without 
the diffusion treatment. Hence, diffusion of zinc on 
storage at high atmospheric temperatures will not 
decrease the protection. No zinc coating other than 
that applied by electroplating was foutid satisfac- 
tory. Metal sprayed zinc does not adhere unless the 
brass surface is roughened more than can be toler- 
ated, and sherardized coatings are less protective 
than electroplated ones of equal thickness. More- 
over, the sherardizing process requires temperatures 
above those used for stress-relief annealing. 

Under the test conditions where unprotected brass 
specimens break in 5 hours, those coated with 0.0003 
in. of zinc stand up 120 hours; with 0.0006 in., 240 
hours; and with 0.0013 in., 500 hours. Thus, the life 
increases linearly with thickness of zinc coating. 

The electrochemical protection afforded by the 
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zinc M noteworthy. Small scratches through the zinc 
do not material^ detrcase (he life, while the life of 
a mt ipedrnen with a zinc coating 0.003 in. thick 
and with a bare space % in. wide, freed from zinc, 
fall» only to 100 hours. A further increase in life 
results when the zinc coating is "Cronak" treated, 
that is, dipped in a solution that produces a thin film 
of slightly soluble chroinate on the surface. In die 
presence of atmospheric humidity, this film supplies 
a chemical inhibitor against corrosion. The filming 
does not destroy the electrochemical protection of 
are^is scratched or bared after the filming treatment. 
Brass coated with 0,0003 in. of zinc, chronuue filmed, 
then scratched 'o bare brass, will last 175 hours. 

Instead of applying tlbe zinc electroplate to the 
completely formed cartridge case, manufacturing 
wotdd be simplified if the plating could be done at 
an earlier stage. On the basis of preliminary experi- 
ments, plating of fourth draw pieces with 0.000S in. 
of zinc, with the final anneal converting the zinc 
to an alloy by diffusion into the brass, and the pos- 
sible llaking off of some of the alloy, would still 
result in somewhat reduced, but still very long, life. 
This feature should be studied more completely if 
zinc plating is to be adopted. 

/.im, or zinc-coated brass, is not appreciably at- 
tacked by various propellent powders, even on stor- 
age at 122 f" for a year. A comparative tat of a dura- 
tion of t year was inconclusive in that the unstress- 
relieved, unplated cases used for comparison with 
plated ones did not themselves show season crack- 
ing in this period of exposure. At any rate, in addi- 
tion to the fact that the zinc-coated cases did not 
cradc, neither did they show visible corrosion. 

Since the zinc coatings and coatings with the 
chiuinate treatment proved effective even when 
scratched, zinc, zinc oxide, and zinc chromate were 
used as pigments in several types of lacquers. The 
btquer thickness was about 0.0015 in. The testing 
technique was the same as that on the zinc-coated 
specimens. Zinc oxide or zinc tin ornate alone had 
little dices, but zinc dust (actually a mixture con- 
taining 80 pet cent of line and 20 per cent of zinc 
o^ide) die show considerable protection, and the 
scratched specimens behaved about as well as the un- 
scratched. A variety of other pigments and a mixture 
of 80 per cent zinc dust and 20 per cent of plaster of 
Paris in a urca-formakiehydc vehicle failed to do 
very well when the lacquer was scratched, but zinc 
sulphide in this vehicle (coating 0.(K)11 to 0.0012 in. 

thick) showed marked protection. However, it did 
not do so in a phenolic resin vehicle. 

In urea-formaldehyde, bismuth trisulphide or lead 
sulphide was even more effective than zinc sulphide, 
in 0.0010 to 0.<I020 in. thickness. However, none of 
the three useful sulphides gave satisfactory perform- 
ance when thepigmented urea-formaldehyde coating 
was less than 0.0010 in. thick. This is three times 
the thickness that can be allowed on cartridge cases. 

Several thin organic coalings, if continuous and 
not scratched, prevent ammonia stress-corrosion. 
Among these are a wax known as Puritan Cartridge- 
Coating Compound and an unmodified nhenol- 
formaldehyde coating. None of these exert protec- 
tion when scratched through. 

Another possible way of minimizing stress-corro- 
sion would be to put the surface In compression, as 
by shot-blasting, a method known to be effective in 
combating fatigue failures. Slight mechanical work- 
ing by hand burnishing or scratch brushing, as well 
as shot-blasting, in some cases showed minor Im- 
provement in life, but much less than is produced 
by a very thin coat of zinc. Since tht ... mercial 
application e»f shot-peening was considered difficult 
to apply to cartridge cases, particularly to the inte- 
rior, its possibilities were not further follow«! up in 
this project. It is possible, however, that the applica- 
tion of 150,000 psi in tension in the test method used 
more than neutralized the surface compression 
stresses Introduced by shot-peening. 

This project clearly demonstrated the efficacy of 
thin electroplated zinc coatings and the electro- 
chemical protection afforded to «cratched areas. The 
results of the work ate summarized In the final re- 
ports,,T(MT1 while the eletails are covered compre- 
hensively In five progress reports.'T,-''m 

EVALUATION AND ELIMINATION OF RESIDUAL STRESSES 

Stress-corrosion cracking in cartridge brass Is 
avoided if there Is no corrcsion or if there Is no stress. 
The project discussed aS>ove relatetl to prevention of 
corrosion. Another project, relating to the evalua- 
tion and elimination of residual stresses, was estab- 
lished at Lehigh University by the Metallurgy Sec- 
tion of former Division B of NDRC. This was Project 
B-220 (OD-25), Residual Stresses in Cold-Drawn 
Non-Ferrous Alloys, 

The distribution of internal stress can be approxi- 
mately ascertained by machining or splitting off 
layers and noting the dimensional changes resulting 
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from the removal of this material. Another way is 
by use of X-ray diffraction methods which can be 
applied to measure the interplanar spacings between 
atoms in the metallic crystal. In strain-free material 
this spacing has a fixed value. If compiessivc stress 
is present, the atoms are squeezed together and the 
spacing is smaller. If tensile stress is present, they 
are pulled apart and the spacing is larger. Therefore 
by measuring the spacing in a stressed area and com- 
paring it with the value determined for the normal 
lattice, the existing stress can be evaluated. 

The X-ray measurement can be made accurately 
only on the surface. However, by etching away suc- 
cessive surface layers and determining the surface 
stress each time, the redistribution of stress, resulting 
from removal of material is shown. From this re- 
distribution, the original stress conditions prior to 
etching can be calculated. The method offers pos- 
sibilities of greater precision than can be obtained 
by measuring dimensional changes. 

Extension and refinement of the X-ray method 
applied to measurement of stresses in cartridge cases 
was desired by Frankford Arsenal, and Project B-220 
(OD-25) was set up with these aims in view. 

The production methods used in making cartridge 
cases generally result in compressive stresses at the 
surface. The higher die compressive stress and the 
greater the d-i'pth to which compressive stress ex- 
tends, the tnore the resistance to stress-corrosion 
cracking, which results partsally from tensile stress. 
Tensile stress, to balance the surface compressive 
stress, will occur below the surface. When corrosion 
penetrates the surface locally and gets down to mate- 
rial that is under tensile stress, stress-corrosion crack- 
ing will occur. 

X-ray measurements applied to cartridge cases 
processed in different ways can reveal the stress dis- 
tribution at each step and thus point die way toward 
modifications in processing methods which could 
remove or delay the danger of stress-corrosion crack- 
ing. The effect of dificrent methods of pickling, pro- 
ducing rough or smooth surfaces that hold or do 
not hold lubricant in the next draw, die angles of 
the drawing die, etc., were examined. The effect of 
variation in composition (percentage of zinc) and 
of a zinc gradient due to volatilization of zinc from 
the surface had to be taken into account. 

Because of the varying amount of cold work at 
different locations in the case, the varying thick- 
nesses, and the variation of restraint upon the walls, 

which is high at the base and low in the body, the 
stress conditions vary considerably over the length 
of the case, making measurements at several loca- 
tions necessary. The X-ray method examines only 
a small spot and thus is a more selective measure 
than are dimensional measurements. 

The equipment and technique for X-ray measure- 
ment of surface stresses on the outside and inside 
of caliber 0.30 cases are fully described in the reports, 
and the results of many variations in processing upon 
the magnitude and distribution of stresses arc 
recorded. 

In general, the method gives useful and illuminat- 
ing results, but in the ammonia-cracking test, body 
cracks occur that could not be predir*«! by die X ray 
studies. This anomaly needs further study. Final 
reports17'181' have been used on many phases of 
the problem, but die work is being continued under 
a direct contract with the Ordnance Department. 

EFFECT OF DENSITY-VOLUME CHANGES ASSOCIAIKU 

WITH PHASE CHANGES 

A possible cause for susceptibility to intergranular 
corrosion, as well as for the splitting of cartridge cases 
during forming, might be the initial presence in the 
cake from which the strip is rolled for forming of 
some beta (zinc-rich) phase in the alpha (copper- 
rich) phase. 

The beta phase exists in the center, which is the 
part last to freeze, of most large cakes. It is diffused 
and transformed to the alpha phase by annealing. 
If the annealing is insufficient, however, diffusion 
will not be complete and a laminated structure will 
result revealing ghost or phantom lines where the 
beta phase occurred. The brass may show a finer 
grain along the contact line, and grain size is im- 
portant in the fabrication of brass. 

It was suspected that the transformation might 
leave voids at the original beta location because the 
beta phase is very slightly less dense than the alpha 
phase, that is, it occupies more volume. 

To investigate this problem Project NRC-62 (OD- 
117) was established at the University of Minnesota 
in July 1943. It was shown that (I) the volume 
changes which result from transformation of the beta 
phase to the alpha phase are extremely small and do 
not cause voids, and (2) proper annealing, even of 
cartridge brass with zinc content at the high zinc end 
of die specification, will prevent any trouble that 
might arise from the initial presence of beta.183 
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1.4 DRIVING BANDS 

Shortage ol copper forced Germany to find substi- 
tutes for copper or gilding metal driving bands. 
Under Project NRC-32, Examination of Enemy 
Materiel discussed in Chapter 9, several German 
driving bands wore examined. The first step in cop- 
l>ct" comervation was the use of a bimetal band, with 
copjH'r on thf '«»««»fk'. soft iron on the inside. In- 
stead of being made as a complete ring, the bimetal 
band was made in sheets, presumably by hot-rolling 
a slab of iron surmounted by a slab of topper. Strip 
ol the proper dimensions was cut from the duplex 
sheet and forced into a knurled and undereut groove. 
The ends were so forced together that the joint could 
scarcely be found by visual inspection. Despite this 
joint, the band functioned properly. 

In the duplex band, the iron extends nearly to 
the surface of the projectile: the raised part which 
contacts the lands and grooves of the gun is copper. 
This saves approximately half the copper that would 
IK; required by a solid copper band. 

The duplex band was used as a first-step conserva- 
tion measure but was later replaced by all-soft-iron 
bands, used only to a ümited extent, or, more com- 
monly, by sintered-iron bands. These were formed 
in ring shape from mctsl powder. This powder was 
derived not from very pure iron, but rather from 
scrap low-carbon steel much like that used by the 
Gentians for cartridge cases. The compacted ring 
was lightly sintered, impregnated with oil to prevent 
rusting, «nid pressed into the undercut, knurled 
g.oove. After pressing in, it still had some 20 p«r cent 
{Mtrosity, which permits easy deformation. 1'hc 
metal-powdcr bands in place appear very brittle 
when they are being pried oil, but they withstand 
the comprcssivc and shear stresses caused by being 
engraved by the lands and groove» in driving the 
projectile. They have become the Gentian standard 
for projectiles up to 150 mm and have replaced the 
duplex copper-iron band. 

It was suspected that the sinicred-iron band would 
wear the gun tube more than the copper of the 
duplex band. On the contrary, a captured German 
document. (OTIB 155 DSS8, August 1, 1943) shorn 
curves of increase in the diameter of lands at the be- 
ginning of riiiing of a 10>mm light field howitzer 18 
(over 8.000 rounds), with projectiles equipped with 
bimetal and with sintcred-iron bands. 

At 5.000 lounds, the land diameter had increased 

0.7 mm with the bimetal band, but only 0.2 mm with 
the sintered-iron band. Increases of 0.8 and 1.0 mm 
at that loration awshoum in another »nrv/« a« havincr 

brought the 105-ram light field howitzers to the ends 
of their useful lives Extrapolating the first pair of 
curves, it would appear that the use of the bimetal 
band on the projectiles would give the howitzer a 
life of 7,000 to 10,000 rounds, while the sintered-iron 
banda would give double that life. A definite state 
ment that the life of this howitzer is doubled with 
the sintered-iron band is also made in this document. 
In she course of other comments in this document, 
reference is made to the great pressure exerted by die 
bimetal band. The sintered-iron band is also pre- 
ferred to the bimetal because there is no coppering 
of the bore. The film of iron deposited is so slight 
as to be of no importance. 

Front this evidence it would appear that the com- 
plete replacement of copper in the driving band 
by sintered iron might, from the performance point 
of view as well as from that of conservation of copper, 
be more fruitful than partial substitution by the bi- 
metal band. The Army Ordnance Department has 
been experimenting with various sintered, rcstal- 
powder bands. 

However, the suppliers seem to have sought to 
secure density and freedom from porosity, trying 
to make the product as much like a solid iron band 
as possible, whereas the performance of the German 
band is probably due to its porosity. An inspection 
team in Germany after cessation of hostilities found 
records comparing solid, soft iron bands, which were 
in limited use, with sintered bands, much to the 
advantage of die porous band in regard to barrel 
wear. It wai also reported that the iron powder was 
made by grinding up low-carbon steel scrap, rather 
than by electrolysis or by the reduction of the oxide. 
The compositions of German steel cartridge cases 
and powdered iron bands were so similar that it 
appears likely that scrap cartridge cases or trimmings 
from cartridge cases were the raw material. 

However, until the Genua;: data on wear with 
the sintered band are confirmed by American tests, 
the duplex band in which the operating face is 
copper seems a logical first step in conservation. 

At the request of the Bureau of Ordnance, Navy 
Department, Project NRC-60 (No-159), Bi-Metallic 
Rotating Bands for Projectile«, was established by 
NDRC at the General Electric Company Research 
Laboratories. The objective of this project was to 

CONFIDENTIAL 



.      ,., ,. ■    ^^■^~-r-r^vmtX',r":Zn'**&^±~— ■canwMMMP— ■±m0iimm-]   ym —Hf c» 

■ 

DRIVING BANDS 79 

investigate methods of producing a satisfactory bond 
between copper and steel by means of alloys and a 
study of the mechanical properties of bimetal driv- 
ing bands for 4ü-mm naval projectiles. 

German methods of production could not be ap- 
plied, for the instructions from the Bureau of Ord- 
nance were to produce bimetal rings, not strip, in 
order to retain the usual technique of banding. The 
possibility that bimetal tubing, to be cut into bands, 
could be made by centrifugal casting had been ex- 
plored by the U. S. Pipe and Foundry Company 
under Project NRC-26 (discussed in Section 7.2.5 
of this report). It was not found feasible to cast iron 
inside copper owing to the respective melting points, 
although a copper-lined iron tube could have been 
produced.181 Other casting methods tried were un- 
satisfactory, so recourse was taken to bonding a 
copper tube to a steel tube placed inside it. 

Various brazing solders were tried, along with 
various methods of heating the nested pair of tubes. 
Zinc was selected as the best bonding agent since 
it alloys with both iron and copper at a relatively 
low temperature. Metal spraying appeared to be the 
best method of applying the zinc. 

SAE 1010 carbon steel tubing 1.715-in. OD, 0.30-in. 
wall, surface ground, was spray-coated with 0.006 in. 
of zinc and slipped inside a 2-in OD, 0.125-in. wall 
copper tube. The composite tubs was drawn through 
a single die to 1.84C-in. OD, 1.570-in. ID, over a 
plug. This resulted in a composite tube with wall 
thickness of 0.103 in. copper, 0.005 in. zinc, and 
0.1 SO in, steel. After various methods of heating in 
an attempt to melt the zinc and produce bonding, 
8-in. sections were heated 20 to 25 minutes in an 
electric muffle furnace operating at 1740 F. This pro- 
duced some volatilization of zinc as vapor and did 
not bring about 100 per ceni bonding. At least 75 
per cent of the area was bonded and the unbonded 
areas were uniformly di tributed. This partial bond 
was appraised as stronger than the grip on the knurl- 
ing of the shell, and hence adequate for the purpose. 
A lot (Lot 1) of 34 shells was provided with bimetal 
bands so made. Banding was performed as usual and 
without trouble. 

To produce more complete bonding, another lot 
(Lot 2) was prepared in the same manner, but 
heated for bonding in a hot press coiuisting of a pair 
ol carbon blocks shaped circ««mfcrcmially to fit the 
OD of the composite tube. Current was passed 
through the assembly, heating it to 1740 F. After 

about 6 minutes heating, while the tube was hot, 
slight pressure was put upon the outside of the tube, 
the current was cut off, and pressure was maintained 
until the tube was cool. Copper is soft enough at 
1740 F so that a tight bond is obtained. In produc- 
tion, this external pressure probably would be ap- 
plied by hot drawing through a die. Lot 2 contained 
62 shells provided with bimetal bands made by the 
hot press method. 

Lots 1 and 2 were fired by the U. S. Naval Proving 
Ground at Dahlgren. The Dahlgren report stated 
that examination of Lot I showed discontinuous 
bond and a possible tendency to strip, while Lot 2 was 
sound, with no indication of deficiency in ductility 
or strength. Apparently, both lots functioned prop- 
erly in the firing tests."14 

Since the results obtained with the naval 40-mm 
projectile were so successful, work was done also,Hr' 
on the produciion of driving bands for the naval 3-in. 
projectile and the Army 37-mm projectile. The 
attempts to produce satisfactory driving bandr. for 
the naval 3-in. projectile by the above method were 
unsuccessful because the hot press equipment used 
for the purpose did not have sufiicient electrical capa- 
city to effect rapid heating and to attain the tempera- 
ture required to produce the alloy bond. A lot of 
Army 37-mm driving bands was shipped to Frank- 
ford Arsenal for firing tests. The results of these tests 
have been reported by Frankford Arsenal.180 

It was concluded that the process could be used 
to conserve copper. The cost of production would, 
of course, be above that of an all-copper band, so 
that the process would not be economical when 
copper is available.184 

It would be logical to extend this work to bimetal 
strip rather than confine it to bimetal rings, since 
the German experience shows strip bands to be effec- 
tive, and their produciion would be much simpler. 

A JJ. S. Naval Technical Mission in Europe con- 
cluded,187 on the basis of documents searched and 
interrogation of German personnel, that (1) the 
copper-clad steel band will give almost as good serv- 
ice as a copper band; (2) the sintered-iron band was 
the best substitute for copper bands, although its 
development was not as yet complete; and (3) soft 
iron hands were not so satisfactory as the copper, 
copper-clad steel, or sintered-iron bands, although 
they were a substitute for sintcrrd-iron bands in high- 
velocity and large guns for which the sintered-iron 
band had not proved to be satisfactory. The Germans 
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rczVmtl that the investigation of the sintcrcd-iron study of driving bands obviously should begin with 
band and rilling design wan by no means complete, theduplication of|)oroiis band and its trail in Ameri- 

In view of the evidente indicating that German can guns. That band seems so good in performance, 
experience evaluated the porous sintcred-iron band as well as on the score of complete observation of 
as the best substitute for solid bands in some types copper,that further effort on the duplex band could 
of guns, at least on the score of barrel wear, further at least be deferred until test results are available. 
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Chapter 5 

METALS FOR HIGH-TEMPERATÜÄE SERVICE 

»•' GAS TURBINES AND 
TURBOSUPERCHARGERS 

EARLY IN 1942, the Bureau of Ships, Navy Depart- 
ment, indicated an urgent need for hctter heat- 

resisting alloys than those then available for use in 
the construction of gas turbines for ship propulsion. 
It was stated that alloys were needed for use in fabri- 
cation of turbine buckets which would show a creep 
rate not in exce,» öf O.OOOOi per cent per hour at 
1500 F and stresses of 7,000 p'si. 

The Office of the Coordinator of Research and 
Development, Navy Department, requested NDRC 
to institute a research program to evaluate the known 
alloys and to develop and test new and improved 
alloys for the desired service requirements. Project 
NRC-8 (N-102), Heat-Resisting Metals for Gas Tur- 
bine Parts, and Project NRC-41 (N-102), Heat Treat- 
ment of High-Temperature Alloys, were established 
to carry out this research program. 

Long-time high-temperature tests require special 
equipment and special techniques possessed by only 
a few research laboratories which have specialized 
in this type of testing and have gained the experi- 
ence required to produce reliable results. Several 
government laboratories and some dozen other lab- 
oratories, the latter heretofore occupied with the 
high-temperature problems of industry, possessed 
this experience and test equipment. The facilities 
of these laboratories were largely diverted from 
their previous activities to this heat-resisting alloy 
problem*.« 

Most of diese laboratories put practically all of 
their facilities and personnel for high-temperature 

« Under OSRD confracts, Isboratariss of the following oqjan- 
i/ations were engaged to work cooperatively on the project; 
American Brake Shoe Company, Battcllc Memorial InsiUutc, 
Climax Molybdenum Company, Crane Company. Federal 
Shipbuilding and Drydock Company (United States Steel Cor- 
poration Research Ldboratories), I.unkcnheimcr Company, 
The Massachusetts Institute of Technology, Midvale Company, 
National Bureau of Standards, University of M^higan, 
Vanadium Corporation of America, and Westinghouse Elec- 
tric and Manufacturing Company. 

Additional data pnd cooperation were supplied by the fol- 
lowing organisations not under OSRD contract: Allegheny 
Ltidlum Stcei Corporation, Crucible Steel Company, General 
Electric Company, Hayncs Stellitc Company, International 
Nickel Company, Inc., Union Carbide and Carbon Company, 
Universal Cyclops Steel Corporation, and U. S. Naval Engi- 
neering Experiment Station. 

research on this work directed by the War Metal- 
lurgy Committee. 

At the same time, research sponsored by the Na- 
tional Advisory Committee for Aeronautics and 
conducted at the University of Michigan was deter- 
mining the tensile and stress-rupture properties at 
1200 and 1350 F of many hear-rcsisring alloys in 
order to evaluate their usefulness for turbosupcr- 
charger and ges turbine wheels. 

In the NRDC program, the temperature of inter- 
est was stated initially to be 1500 F, but the scope 
of the research was broadened to cover long-time 
creep testing at the lower temperature of 1350 F 
and all types of tests at IfiOO F. Later tests were run 
on the better alloys at 2000 F. 

In the NACA program, all types of tests were run 
at 1200 F, stress-rupture tests were made at 1350 F, 
and, more recently, some of the promising alloys 
were tested at 1700 and 1800 F, 

The two concurrent research programs sponsored 
by NACA and NRDC were carefully coordinated 
to eliminate duplication of effort and to provide all 
types of test data over the entire temperature range 
from 1200 to 2000 F. 

The requirements of the Bureau of Ships, Navy 
Department, for alloys for long-time service required 
final evaluation of the properties of the most prom- 
ising alloys in long-time tests, or creep tests of at 
least 2,000 hours' duration. However, because of 
limited test equipment and manpower, it was necee- 
sary to compare the available alloys and to evaluate 
new alloys first by stress-rupture tests which deter- 
mine the stresses required to produce rupture in 
given shorter time periods such as 10, 100, and 1,000 
hours. 

Activities of the Bureau of Aeronaut ir«. Navy De- 
partment, developed the need for alloys suitable for 
use at higher stresses than 7,000 psi at 1500 F, but 
with shorter requirements for useful life. In the 
stress-rupture tests used for developments of alloys 
of the desired low creep rate, considerable data of 
direct value for this purpose were obtained. Only 
those alloys indicated a? promising were subjected 
to long-time creep testing. 

Tests were made on 96 heat-res'sting alloys. These 
alloys were principally of Cr-Ni-Fe, Co-Cr, Cr-Ni-Co, 
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ami Cr-Ni-Co-Ft bates. Some were made available 
in wvought form while othen were supplied in the 
form of premion-ca»! test piece», 'rests were also 
made on material oil from large forged disk« of four 
heat-resisting alloys.  Alloys  for high-temperature 
servke contain a considerable amount of chromium 
to confer resistance to oxidation, and a considerable 
amount of nickel or cobalt or both to render the 
alloy austenitic, since austenitic alloys far surpass 
ordinary ferritic steels in high-temperature strength. 
Rather generous additions of carbide-forming ele- 
ments, such as molybdenum, tungsten, columbium, 
titanium, and tantalum, either singly or in combina- 
tion, whose carbides can iw separated out by a pre- 
cipitation-hardening tyjH' of heat treatment, further 
raise the high-temperature strength. For each of 
these alloys it was necessary to work out the opti- 
mum heat treatment. The retpüred time and tem- 
perature for solution of the carbides, the cooling 
rate from the solution temperature, and the reheat- 
ing or aging time and temperature all had to be 
determined  experimentally.   Detailed   heat   treat- 
ment experiments were carried out on seven alloys 
under Project NRC-4i, Heat Treatment of High 
Temperature Alloys.,,,l''al 

In addition to the stress-rupture and creep prop- 
erties determined for the various alloys, impact 
resistanct* and short-time tensile properties were 
determined at »elected elevated temperatures. For 
determination of stability of the alloys, hardness, 
impact resistance, and tensile strength were deter- 
mined on material after long-time testing in stress- 
rupture or creep tests. 

The numerous tables, figures, and graphs in the 
various progress reports show in detail the proper- 
ties of all the alloys tcsted.1WMe3 For the stress-rup- 
ture and creep tests, the actual timc-defonnation 
curves were presented to facilitate comparisons be- 
tween the alloys by designing engineers on bases 
other than those arbitrarily chosen by the War 
Metallurgy Committee Research Supervisor for the 
program. The order of superiority of the alloys is 
not the same at different temperatures; moreover, 
at some temperatures forgings appear better than 
castings, while at others, the reverse is true. Extra- 
polaticns arc dangerous, actual tests or evrhtation of 
alloys under service operating conditions being 
desirable. 

At the start of this work in eatly 1942. the War 
Metallu;^y Committee conducted a survey of the 

current data on alloys suitable: for high tempera- 
ture service in gas turbine and supercharger parts. 
This survey, Project SP-5, was made in collabora- 
tion with the Naval Engineering Experiment Sta- 
tion and NACA.104 It was found that only limited 
data were available on about six heat-resisting alloys 
indicative of promise for gas turbine and turbosuper- 
charger service. Of these alloys, two showed a stress 
for 1,000-hour rupture and 1500 F at 9,000 and 
11,000 psi, while two others were somewhat stronger 
and showed about 15,000 psi for rupture in 1,0U0 
hours. Creep-test data were available at 1500 F for 
only one alloy and this gave a crt'ep rate of 0.00001 
per cent per hour at about 5,000 psi, whereas the 
Navy Department desired a material with this creep 
rate at 7,000 psi or higher. 

At the termination of the NDRC work, nine cast 
alloys were known with I,0fl0-hour rupture at 1500 
F in excess of 20,000 psi and up to 26,000 psi. Six 
forged alloys were known with 1,000-hour rupture 
at 1500 F between 15,000 and 18,500 psi. 

At 1600 F, the cast cobalt-base alloys were definite- 
ly superior to the forged alloys with rupture in 1,000 
hours between 14,500 and 17,500 psi as compared 
with 8,000 to 10,000 psi for the best forged alloys. 

At 2000 F, the best cast cobalt-base alloys showed 
rupture in 100 hours between 4,000 and 5,000 psi. 

In the creep tens, at 1500 F cast alloy X-40 showed 
the best creep resistance with a stress of 11,000 to 
12,000 psi indicated for a creep rate of 0.00001 per 
cent per hour. All the other cobalt-base alloys, with 
the exception of Vitallium, arc indicated to be above 
8,000 psi for this rate of creep. Four of the forged 
alloys showed creep rates of 0.0000! per cent per 
hour at 7.000 psi or higher, with one alloy indicated 
between 10.000 and 11,000 psi. 

Creep tests were made at 1350 F on those alloys 
showing promising properties at 1500 F. The better 
forged alloys, as a group, had belter creep resist- 
ance at 1350 F than did the cast alloys, a relationship 
reversed from that at 1500 F. 

Creep tests at 1600 F indicated that several of 
the forged and cast alloys met at this temperature 
the requirements which had been set as the original 
goal at 1500 F. 

For four of die forged alloys which tests on bar 
stock indicated as. promising for use as gas turbine 
rotors, large forged disks we»e obtained and high- 
temperature tests over the temperature range 1200 
to 1500 F are in progress jointly between NACA and 
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the Navy Depamnent on material cut from various 
locations in the disks. 

It is certainly to be expected that among the pos- 
sible combinations of precipitation-hardening ele- 
ments in an austenitic matrix, new elements or com- 
binations, some as yet untried, may be materially 
superior to thos^ so far evaluated. 

The Vanadium Corporation of America, one of 
the contracting laboratories on Project NRC-8, melt- 
ed and cast a large number of Cr-Ni-Co and Cr-Ni- 
Co-Fe base alloys with considerably higher molyb- 
denum or tungsten additions than the majority of 
the alloys tested in the balance of the program. Pre- 
liminary appraisals of the effects of these additions 
were made by means of high-temperature hardness 
determinations. In these alloys, the effects of addi- 
tions of other elements, including vanadium, boron, 
beryllium, titanium, and aluminum on the hot hard- 
ness were also determined. Some of these alloys 
possess very high hardness at 1500 F. some as high 
as 400 Brinell. Stress-rupture properties at 1600 F 
have been determined on a few of these alloys. 
Ductilities upon rupture tend to be low. Testing 
was restricted by lack of facilities, but at least four 
of the alloys show properties at 1600 F superior 
to those of the best cast robalt-base alloy. It is ob- 
vious that there is opportunity for still further im- 
provement in this family of alloys, improvements 
that might be of great portent to the gas turbine. 
To date, the effects of carbon content, heat treat- 
ment, and melting practice (deoxidation and grain 
size) on strength and ductility are not known.1"5 

However, attention has not been confined in the 
heat-resisting alloy program to the families of alleys 
previously discussed. Other families, whose process- 
ing and fabrication offer such difficulties that past 
investigators have done little or no serious work on 
them and whose properties were entirely uncharted, 
might be so much better that the difficult job of 
working out their fabrication problems might be 
well worth tackling. The value of super high-tem- 
perature alloys in gas turbine service is so great 
that cost of raw material and processing, which would 
be prohibitive for less important uses, is no barrier. 

With these aspects in mind, the Climax Molybde- 
num Company, one of the contracting laboratories 
on Project NRC-8, surveyed the field of possible new 
alloy systems. Various binary and ternary alloy sys- 
tems formed using elements with melting points 
considerably in excess of the presently used alloys 

were investigated, including chromium, molybdo- 
num, tungsten, columbium, platinum, thorium, 
vanadium, and zirconium. Considering availability 
and properties, the most interesting of these refrac- 
tory metals is chromium. An outstanding presenta- 
tion of the properties of the alloys of chromium 
and the methods of melting, purifying and shaping 
of the alloys has been made by the Climax Molyb- 
denum Company in two reports.,(,,ll,'T 

The alloys having the best combination of strength 
and ductility at 1600 F were found in the composi- 
tion range from 60% Cr, 35% Fe, 5% Mo to 60% Cr, 
15% Fe, 25% Mo. Alloys with 60% Cr and between 
15 and 25% Mo, balance iron, show rupture times 
at 1600 F and 30,000 psi as long as those of the best 
cobalt-base alloys at 20,000 psi. Heat-treatment ex- 
periments indicate still greater promise for these 
alloys, and the study of these chromium-base alloys 
containing iron and molybdenum is being contin- 
ued at Battellc Memorial Institute under the spon- 
sorship of the Office of Research and Invention, Navy 
Department. 

Service tests under actual gas turbine operating 
conditions have been arranged for most of the prom- 
ising bucket alloys whose properties were deter- 
mined. Some are under test at the U. S. Naval Engi- 
neering Experiment Station in a General Electric 
turbosupeicharger using hot gas produced from 
combustion of Navy Bunker C fuel oil. Other alloys, 
including alloys from the Vanadium Corporation 
and the Climax Molybdenum Company work, have 
been installed and are being tested in a Westing- 
house  aircraft  gas-turbine jet-propulsion  engine. 
These service tests are still in progress, so compari- 
sons between the alloys which possess somewhat dif- 
ferent strengths and ductilities are not yet available. 

In some types of high-temperature service, notably 
those with rotating parts, there is likelihood of vibra- 
tion which may set up extraordinary stresses so that 
the behavior of the alloys in fatigue and notch fatigue 
at operating temperatures should be known. From 
this point of view, the ability of the material itself 
to damp out vibrations at operating temperature is 
also of interest. The Westinghouse Electric and 
Manufacturing Company has made available a large 
quantity of fatigue data determined in their own 
laboratory and these data have been reported in 
the progress reports on Project NRC-8. Some high- 
temperature fatigue work was begun and will be 
continued under a Navy Department contract. As 
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would In- cxpcctedi alloy» whidi »how nuisianding 
resistance to clcformation under uress at high tcm- 
peratures, also tend to have low damping capacity, 
and vihration apparently must be avoided by means 
other than by choice of material. Data on the clamp 
ing capacity of lotrie of the high-tcm|>erauire alloys 
were collected and toinpilcd.n,H (See also Section 5.3 
of this report.) 

Assembly of buckets on gas turbine rotors is facili- 
tate«! if welding can lie used. In June 1944 the War 
Metallurgy Committee Project Committee for the 
heat-resisting alloy program reported that a number 
of turbine fabricators were experiencing welding 
problems and that there was a serious need for weld- 
ability data on the newly developed heat-resisting 
alloys. Three types of weld joint defects were re- 
ported to occur in welded wheels as follows:   (1) 
notch extensions or a form of cracking which initiates 
at the junctions between buckets on the outer edge 
of the weld metal and propagates radially across the 
welded joint eventually reaching projiortions en- 
dangering the strength of the wheel; (2) weld metal 
bt'.id tracking in the fonn of longitudinal cracking 
in the ctntcr of the deposited weld bead and also 
in the form of scattered intergranular fissures; and 
(8) under bead cracking in the fusion zone and heat- 

affected zone in heavier section buckets of jet unit 
and gas turbine wheels. In order to investigate these 
psobicrm and to evaluate the relative wtldability 
of a series of selected alloys. Project NRC-IK) (N-I02), 
Weldability of Hcat-Resisting Alloys, was established 
in the laboratories of the Rustless Iron and Steel 
Corporation in July IM4. 

Simple weld tests were investigated in an attempt 
to produce the defects encountered in welding heat- 
resisting alloys by the submerged-melt and manual- 
arc processes. A whevl-artd-buckct design test was 
ultimately developed and, of RO such tests planned, 
about one-third had been completed by October 
19-15 when the NDRC project was terminated.10" 
Stifikient work completed to show that wide varia- 
tions exist in the susceptibility of diüerent heat- 
resisting alloys to the development of welding 
defects. This welding work is being continued by the 
Rustless Iron and Steel Corporation under a Navy 
Department contract with Battelle Memorial Insti- 
tute. 

Thf.* results obtained in the heat-resisting alloy 
program have indicated that improvements made in 
the alloys now commercially available exceed the 

requirements originally set by the Navy Depart- 
ment, and still  further improvements arc to be 
expected, particularly in the new alloy systems inves- 
tigated. The data of the program were presented in 
comprehensive reports,,88•ll,,•n,;,-,,m■-,"l An iridex^.1 

of the Division 18 reports on heat-resistant alloys 
was prepared by the Research Information Division 
of the War Metallurgy Committee. This index gives 
a subject index of the various reports issued on each, 
a numerical list of reports with v brief abstract of 
she contents of each, and a subject-index of the re- 
ports. !t lists also the alloys investigated. Severa! 
special reports not specifically mentioned in the fore- 
going discussion also were issued as follows: Survey 
of Data on Alloys Dnielofreil for TürHosupetcfuirger 
and (las Turbine Applications,102 Machining Data 
on Heni-Hesisting Alloys,-^ Metallurgical Investi- 
gation of a Large Forged Disc of Low-Carbon N-155 
Alloy*™ The last-named joint NDRC-NACA re- 
port brought togcdicr the data of the NDRC and 
NACA projects on the subject. At the specific re- 
quest of the Armed Services, these reports were dis- 
tributed to their contractors who were concerned 
with the development and use of heat-resisting alloys. 
The data presented have had wide use by designing 
engineers in specifying designs and materials for 
improved gas turbine power plants for marine and 
aircraft use now under construction. 

Research on heat-resisting alloys of the more 
common Cr-Ni-Fe and Cr-Ni-Co-Fe types was car- 
ried out by the American Brake Shoe Company un- 
der Correlation Project NRC-84A, Heat Resistant 
Alloys for Ordnance Materiel anil Aircraft and 
Naval Engine Parts. This program, which was 
financed by the American Brake Shoe Company and 
conducted under the general supervision of the War 
Metallurgy Committee, covered comprehensive 
studies of alloys of the 21% Cr, 9% Ni type as sub- 
stitutes in applications below IfiOO F for the widely 
used 26% Cr, 12% Ni type.-"03 The effects of cobalt 
and nickel in two groups of 26% Cr alloys, one group 
essentially non-ferrous and the other containing 50 
per cent of iron also were investigated.'-*"4 

The cooperation of the alloy producers, the gas 
turbine contractors, and the contracting research 
laboratories in the prosecution of the work under 
the NDRC heat-resisting alloy program was out- 
standing and is a shining example of the willingness 
and ability of industry to cooperate in solving mu- 
tual problems. 
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5.3 ROCKETS AND JET PROPULSION 
DEVICES 

The Si>cdal OSRI) Committee on Jet Propulsion, 
in its report dated March 20, 1944, recommended 
that those engaged in the development of rocket 
motors for solid fuels obtain the aid and advice of 
Division I, NDRC, and the War Metallurgy Com- 
mittee (Division 18, NDRC) on materials for noi/.\c 
construction. 

Project NRC.88 (AC-75), Metal and Ceramic 
Materials for Jet Propulsion Devices, was established 
at Battelle Memorial Institute lo provide advice and 
assistance to the Armed Services, their contractors, 
and other NDRC divisions engaged in the develop- 
ment of jet propulsion devices in matters concerning 
materials of construction for both solid-fuel and 
liquid-fuei rocket motors. 

For this work, in addition to the facilities of Bat- 
telle Memorial institute, cooperation and assistance 
was obtained from Division 1. NDRC, from metal 
and alloy producers, and from commercial producers 
of ceramic shapes. Assistance on material problems 
was supplied to Allegheny Ballistics Laboratory, 
Division 3, NDRC; Explosives Research Laboratory, 
Division 8, NDRC; California Institute of Tech- 
nology; Bureau of Aeronautics, Navy Department; 
and the Aerojet Engineering Corporation. 

Because of the successful application of chromium 
plate in machine gun liners by Division 1, NDRC, 
similar chromium plates were tried as protective and 
erosion-resistant coatings in rocket nozzles. In noz- 
zles of liquid-fuel units burning mixed acid and ani- 
line, chromium-plated coatings gave very satisfactory 
service. In one trial, a copper nozzle plated with 
0.009 in. of so£t low-contraction chromiuas was 
subjected to 14 firings totaling 79i/s minutes and 
was still in a satisfactory condition. The use of chro- 
mium-plated nozzles in solid-fuel units was not so 
successful. Blistering and cracking of the plated coat- 
ings occurred, even though suitable adhesion of the 
plate was obtained in most cases. 

Many firing trials were made in solid-fuel units on 
nozzles coated with tantalum, molybdenum, and 
tungsten by vapor phase methods by Battelle Memo- 
rial Institute and by Bell Telephone Laboratories, 
a contractor of Division 1, NDRC, While it was indi- 
cated that these metals possess usable corrosion and 
erosion resistance, satisfactorily consistent ductility 
and adhesion of the coatings to the metal comprising 

the nozzle were not obtained. 
Firing trials on nozzle inserts of pure chromium 

and high-chromium Cr-Mo-Fe alloys, prepared by 
the Climax Molybdenum Company, showed these 
materials to be of considerable promise in that ero- 
sion was practically nil. Further trials of these ma- 
terials seem warranted and desirable. 

Ceramic nozzles of alumina, zirconium silicate, 
and beryllia were prepared by Battelle Memorial 
Institute, and ceramic nozzles of commercial and 
pure refractories of the alumina and silicon carbide 
types were prepared by the Norton Company and the 
Carborundum Company. Several additional com- 
mercial ceramic nozzles were supplied by the General 
Electric Company. In firing tests, all of these ceramic 
nozzles were cracked, probably as a result of lack of 
the necessary heat-shock resistance. None cf the 
ceramic nozzles, except for beryllia, were found to be 
erosion rt-jiJtant, and considerable roughening of the 
surface and spalling was observed. 

Tungsten carbide and boron carbide nozzle inserts 
were tested. Both of these materials, on limited trials, 
appear to show satisfactory erosion resistance, but 
nozzles of both materials were cracked. This cracking 
may be the result of stresses set up by heating and 
cooling of the steel holders in which the nozzle inserts 
were mounted, rather than lack of hsat-shock resis- 
tance. These materials, particularly the boron car- 
bide, deserve further study for applications requiring 
nozzles of exceptional performance. It should be 
noted that fabrication of the ceramic or carbide noz- 
zles in a number of pieces divided along the nozzle 
longitudinal axis might relieve the stresses set up 
sufficiently to prevent additional cracking. The Aero- 
jet Engineering Corporation was supplied ceramic 
nozzles for test by the Norton Company, but no 
report of their performance has been received. 

Assistance on material problems to the Bureau of 
Aeronautics, Navy Department, included chromium 
plating of a stainless-steel nozzle, and chromium 
plating of a pump shaft, both used in an acid-aniline 
motor. The chromium-plated nozzle sustained no 
damage in nineteen runs totaling 23 miniues using 
jet velocities up to 6,900 fps with chamber pressures 
between 300 and 550 psi absolute. Considerable work 
was under way for the Bureau of Aeronautics to find 
materials suitable for bearings, sealing rings, adhe- 
sives, and other component parts for the acid pump 
used in this motor, but the work was incomplete 
when the project was terminated in accordance with 
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Uie demobilization s< htdult' of NDRC. 
Failurts of reed springs operating '" t!,t' ^"'P*-'"- 

uire range 1KM) tq KMH) F usetl in bu/z bombs led to 
a request for assistance by the Aerojet Etiginccring 
CorfMiration. The failures were apparently fatigue 
failures. Data presented in the final report on the 
heat rcsisiing al!oy program1"'1 indicate which matt- 
rials have outstanding elevated-temperature fatigue 
resistance. Strip O.OIOin. thick of three of the most 
promising alloy» (Battdle 8-J, Hastelloy B, and In- 
tone! X) was fabricated into reed spring» and heat 
treated to produce maximum spring and fatigue 
projKTtics for service at «MM) to 1000 ¥. These ree<l 
springs were submitted to the Aerojet Engineering 
Corporation for trial, but rc|K)ris on their perform- 
ttinrc ar« not as yet available. 

Some of the matcrisls tried in the various firings 
ami service applications noted above were «ufficientiy 
promising to warrant further trials and consideration 
in rocket development work.2*"' J.fukipiece ceramic 
tKWcles, Iwiron carbide itozzIcSv and no/zlcs of melted 
and cast pure chromium and chromium-base alloy» 
deserve further study for these applications. 

5-3 RESEARCH NEEDS IN THE FIELD OF 
HEAT-RESISTING ALLOYS 

The NACA Committee on Materials Research Co- 
ordination compiled an index of the research proj- 
ects on heat-resisting alloys carried on during World 
War II. During the committee's discussions of the 
adequacy of the research programs carried out by the 
Armed Forces, NACA, and NDRC, the need for a 
compilation of the properties of sheet materials for 
high-temperature service and a bibliography on the 
damping of mt'tals was emphasiml. At the commit- 
tee's request, the War Metallurgy Committet estab- 
lished and carried out two surveys: Survey Project 
SMI, Propemcs of Sheet Materials for High-Tem- 
perature Service, and Survey Project SP-SS, Bibliog- 
raphy on the Damping of Metals. The report on 
SP-S!*«« rovers the properties of materials used in 
fabricating jet engine condjustion chambers, ducts, 
exhaust collector rings, etc., while that on SP-33-07 

covers test methods as well as data on the damping 
of metals. 
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Chapter 6 

WELDING 

e'   ARMOR AND ORDNANCE WELDING 

6,1.1 Introduction 

EARLY in VVorM War II the decision was reached 
to make use of welding as a principal method of 

fabricating much of the vast quantity of material 
needed in the armament program. Attention was im- 
mediately drawn to the problems involved in welding 
metals, which in many cases possessed different char- 
acteristics from those in common use before the war. 
Difficulties encountered by fabricators, particukrly 
in the field of armor and alloy steel welding, soon 
made it apparent (hat a coordinated research effort 
to provide urgently needed information was essen- 
tial to the maintenance of planned production. 

At the suggestion of the Office of the Chief of 
Ordnance, several NDRC projects were established 
with the expectation that the resulting information 
would be of immediate value. Among the most ur- 
gent early problems requiring attention were an eval- 
uation of the relative weldability of rolled homoge- 
neous armor, the development of an armor welding 
electrode which when deposited would exhibit bal- 
listic properties cquivalem to roiled ho.uogeneous 
armor, a study of procedures for welding face-hard- 
ened plate, and the development of a satisfactory 
substitute electrode containing the lowest practical 
amount of strategic alloy elements to replace the 
25% Cr, 20% Ni type commonly used for alloy steels 
prior to the war. Less urgent problems included a 
study of the fundamental uctors affecting the weld- 
ability of steels, the development of spot welding 
technique« for light annor, a study of methods for 
stress-relieving ordnance steels with special regard 
tc machining stability and an investigation of the 
flash welding of aircraft steels. Associated studies 
were initiated as warranted, and other urgent prob- 
lems, such as the repair welding of cast armor, were 
investigated as the war progressed. 

Surveys both of literature and of industrial prac- 
tice were conducted in the fields of armor welding 
and aluminum alloy flash welding preliminary to 
the establishment of research programs on various 
aspects of these subjects. 

Throughout the war considerable aid was ftir- 
nished by members of the staff of the War Metal- 
lurgy Committee to the fabricators of ordnance 
equipment in the form of field service and consul- 
tation on special problems that developed in the 
production of certain combat equipment. 

6-1-2      Armor and Alloy Steel Welding 

In oider to determine the research needs in the field 
of armor and alloy stfic! welding, in July 1941 die 
Metallurgy Section of the former Division B of 
NDRC established a project to survey the literature 
and industrial practice. This survey was conducted 
by Ohio Slate University under Project B-150, Re- 
search Needs in the Field of Weitling and Summary 
of Existing Knowledge on Welding Practice, and re- 
suited in five comprehensive reports covering the 
research needs,-"8 the then current industrial prac- 
tices and procedures for the welding of armor,"0" 
available data on precipitation-hardening alloys 
used in armor welding (OD-3ß-2, OD-SG-S),210 data 
on the dilation characteristics of alloy steels used in 
ordnance (OD-37-1, OD-37-2) and their significance 
in welding,211 and the evaluation and relief of re- 
sidual stresses in welded ordnance structures (OD- 
34-2, OD-34-«).212 

This survey disclosed that little information was 
available in this field and that industrial knowledge 
had not progressed to the point where standardized 
procedures were common from one plant to another. 
Each fabricator had experienced difficulties which 
were considered only in the light of the information 
and facilities available, and no unified effort had 
been directed toward the solution of the many basic 
problems involved. 

Since armor plate compositions are not greatly 
different from certain classes of alloy steel in com- 
mon use, the problem of weldability was not en- 
tirely new and considerable use of past information 
and methods of attack was employed in its solution. 
The problem of welding armor plate involves two 
broad aspects. These are, first, the production of 
sound, crack-free welds usually under conditions in- 
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volvtng high reitraint, and, tccond, the sul»equeiit 
|M rhinniaiKc of the wcldment in service. Since the 
«•rvitc rctjuiieinent* for welded armor plate obvi- 
ou»ly in< hide ability to withstand ballistic impact, it 
wa» netewary to eslabiiüh an arbitrary test early m 
the war in the hope that satisJat tory jjerformancc 
under this test would insure sattslactory senke. 

The procedure finally adopted tor evaluating Ü»e 
quality of welded armor involved the assembling of 
four pieces of armor in such a manner that the 
welded joims form the letter "H" on the completed 
plate. The test consists of subjecting alternate leg 
weld» of the II plate to the impact of special pro- 
jectiles which are primarily designed to evaluate the 
shock properties of the weldmcnt. Details of the H 
plate test for various thicknesses of welded armor 
are to be found in Army Ordnamc specifications on 
this subject. 

Since the inability of either the armor or weld to 
withstand shock in extreme cases may result in com- 
plete disimegration of a combat vehit'e, it was ap- 
parent that equipment subjected to Iwllistic attack 
with overmatching projectiles must, be designed pri- 
marily to resist shock loading, with penetration re- 
sifttgnce of secondary importance. Therefore, early 
prtHluctinn of armor weldment« was accomplished 
with the use of ausiemtit electrodes which exhib- 
ited reasonably satisfactory shock-resisting proper- 
tics witli a fair degree of consistency. It also appeared 
that the use of auAienuk electrodes in production 
could be satisfactorily controlled. As a result, most 
fabricators evolved successful promlurss for welding 
armor using «nistcnitic electrode», first of the 25% 
Cr, 20% N't type, and later as the result of alloy 
conservation, of the modified 20% Cr, 10% Ni type. 

It was felt that research effort in the field of eval- 
uating the wcldability of commercial armor should 
be devoted to a study of methods of obtaining wcld- 
ments with better shock properties than were being 
produced, and alfio, because i»f the disadvantages 
associated with austenitic weldinj- and the need for 
conserving strategic alloying mateilals, to place in- 
creased emphasis on the dcvclopmem and use of 
ferritk eiectrodes. lit addition, there was an urgent 
demand for an investigation to determine the causes 
of fim JWISS cracking in austenitic 20% Cr. 10% NI 
olertrodes. 

Acrordingly three research projects were initiated 
and established in the spring of 1942: Project NRC-I 
(OI) 82), WehlabiSity of Commercial Armor Plate, 

at the United Stale» Steel Corporation Research 
Laboratoriesi Project NRC-2 (OD-3fi-2), Develop- 
men', of Ferritic Armor Welding Electrodes, at the 
Combustion Engineering Company; and NRC-2R, 
Development of Armor Welding Electrodes, at the 
Rustless Iron and Steel Corporation. 

DEVELOPMENT OF ARMOR WEUHNC METHODS AND 

FERRITK; ARMOR WELDING ELECTRODES 

The primary objective of Project NRC-I, Weld- 
ability of Commercial Armor Plate, was not to find 
a method for welding annor, but rather to develop 
better methods than were in current use and to de- 
termine the causes of the erratic slunk performance 
of identical weldments. Initial work included the 
preparation and subsequent ballistic testing of H 
plates fabricated using ferritic electrodes and differ- 
ent welding procedures. It shculd be noted that the 
assembly of an H plate involves the deposition of 
weld metal under high restraint, which enables an 
evaluation to be made of the combined effect of pro- 
cedure, armor composition, ami electrode on the 
ability to produce sound, crack-free joints, and pro- 
vides direct information on shock performance when 
tested ballistically. Other primary functions of this 
project were the post-ballistic examination of weld- 
ments, such as H plates, to determine the funda- 
mental causes for failure and to develop and inves- 
tigate the suitability of laboratory tests for the pre- 
diction of ballistic properties. A detailed statement 
of the objectives of the project, together with an out- 
line of the proposed H plate program and prelimi- 
nary test results, is contained :n an early progress 
report.213 

Coincidental with the establishment of Project 
NRC-I on the evaluation of the wcldability of com- 
mercial armor, work was initiated on the ferritic 
electrode development phase of the armor plate 
wcldability problem under Project NRC-2. The fer- 
ritic electrode development program was doubly 
important at the time because of the need for con- 
servation of strategic alloys, such as nickel, chro- 
mium, and molybdenum, and because of disadvan- 
tagrs associated with the use of austenitic electrodes, 
üesides the first pass cracking difficulty mentioned 
previously, these disadvantages include shock prop 
mies inferior to prime armor, slow deposition rates 
which tend to decrease rates of production, the great 
difficulty of removing austenitic deposits during re- 
pairing, and the necessity for employing wide joints 
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to avoid failures resulting from lm.ali/.c(l defoima- 
tion and rupture in the low-yield weld metal during 
ballistic attack, a fector which also tends to slow 
produciion. 

Origi:ially, it had been intended to treat this par- 
dcular aspect of the armor welding program more or 
less separately, but overhspping with the more direct 
weldability studies was unavoidable, since the in- 
vestigation of electrodes could not be accomplished 
without simultaneouslv r nsidering all the variables 
inherent in the weldh«6 nor. Early work on 
both projects was therefore closely integrated. The 
progress reports218^118 complement one another, and 
the final reporte217"818 summarize briefly the work 
done and the results obtained. 

In the course of the investigations referred to 
above, a considerable number of tests were con- 
ducted on H plate fabricated with ferritic electrodes. 
The majority of these early plates failed by a wide 
margin to pass the arbitrary shock requirements es- 
tablished for amtenitic weldments. Analysis of the 
result* of these tesis tentatively attributed fniiures to 
several factoi-s, the most important of which were as 
follows: 

1. High residual stresses in and near the welds. 
2. Mkrocracks not detectable by radiographic ex- 

amination. 
3. Excessively high yield strength of the weld 

metal. 
Subsequent research, however, demonstrated the 

fallacy of these early conclusions. 
With this information available, additional stud- 

ies involvwig the influence of thermal stress relief 
on the pi'iioi mam e of welded armor were initiated. 
An investigation of the residual stress pattern in a 
typical H plate was made which showed that high 
residual stresses approaching the yield strength of 
the weld metal are present in completed H plates.210 

To determine the effect of thermal stress relief treat- 
ments on the hardness of commercial roiled homo- 
geneous armor, a study was made which demon- 
strated that the hardness of five types of rolled ar- 
mor is reduced for treatment temperatures above 
1100 F.—0 Since reductions in hardness lower the 
ballistic penetration resistance and may adversely 
affect toughness, thermal stress relief treatments can- 
not be considered dfisjmble. Practical difficulties en- 
countered in stress relieving large armor weldments 
arc of course obvious. 

Extensive studies to determine the magnitude a'.id 

distribution of residual stresses in the longitudinal, 
transverse, and thickness direction in welded plates 
were made at the Massachusetts Institute of Tech- 
nology under Project NRC-53 (OD-106). Effect of 
Locked-Up Stresses on Ballistic Performance of 
Welded Armor. An analysis of the effect of residual 
stresses on ballistic shock performance, as measured 
by a direct explosion test, indicated that the residual 
stress pattern has but minor influence on the shock 
resistance of weldments and that the major cause of 
failure involves purely metailurgical factors.-21 ■"•'' 
Subsequent tests of H plates confirmed these conclu- 
sions. 

Further investigation of commercial and experi- 
mental femtic electrodes under Project NRC-2 at 
the Combustion Engineering Company, using bead- 
crack sensitivity and restrained joint tests, estab- 
lished the fact that these tests afforded practical 
methods for comparing electrode cracking tenden- 
cies. With these tests and the cooperation of the arc 
welding electrode industry, a large number of com- 
mercially available ferritic electrodes were screened 
to determine their suitability for armor welding ap- 
plications. The results of this early study provide*! 
sufficient data to eliminate all low-tensile ferritic 
electrodes from further consideration and to con- 
centrate attention on a few high-tensile electrodes-'1 ^, 

After the first few restrained joint tests, the results 
obtained with a Mn-Mo-Si electrode with a lime-type 
coating were so favorable in comparison with the 
other high-tensile ferritic electrodes that all efforts 
were turned toward improving and investigating 
this type of electrode termed the NRC-2A electrode. 
It had been noted during the bead-crack sensitivity 
work that cracking consistently occurred in the heat- 
affected base metal of current armor compositions 
whenever ferritic electrodes of the conventional type 
were used without preheat. The extent of encking 
varied with both the electrode and the type of armor, 
and high preheat was known to eliminate this un- 
dcrbead cracking tendency. It was also noted-"1 that 
underbead cracking did not occur in the base metal 
when austenitic electrodes of either the 20% Cr, 
10% Ni, or the 25% Cr, 20% Ni type were used and 
that the Mn-Mo type of electrode coated with a 
mineral-type coating similar to that used on all 
austenitic electrodes did not produce cracking. The 
reasons for this difference in the cracking tendency 
for single or multibend deposits were not completely 
clear during the early stages of the investigation,The 
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most imporUitit reasons advanced for the noncrack- 
in^ characteristia of the special Mn-Mo electrode 
were: 

1. A difference in the composition of die arc at- 
mmphere produced by the lime-type coating. It was 
fell that this difference would result in lower gas 
content, particularly hydrogen, and reduced embrit- 
ilemcnt in the heat-affected zone. It is significant 
to note that this was the first tune it was fell that the 
heat-affected /one cracking was associated with hy- 
dtogerj in the arc atmosphere. 

2. A smaller amount of expansion during trans- 
formation resulting in lower stresses in the weld 
region. 

As soon as the difference in the properties of the 
Mn-Mo electrode became apparent, experimental H 
plates were prepared and ballist'cally tested. From 
ballistic results obtained for (he first plates tested, 
the following tentative conclusion* were drawn: 

f. Most of the plates passed the shock test re- 
quirements established for austenitic weldmcnts. 

2. None of the plates failed as badly as did the 
majority of I! plates welded with other type» of 
ferritic electrodes, 

5, A few of the H plates test«! performed better 
than any H plate previously tested and closely ap- 
proximated the shock performance of unwetded 
rolled homogeneous annor. 

•I. The effect on shock resistance of heat treatment 
following welding did not appear beneficial. 

A« a result of these observations, the ferritic elec- 
trode development phase of the armor weldabiiity 
problem was modified and directed towards a thor- 
ough investigation of the Mn-Mo type electrode. It 
was felt that to develop further the information al- 
ready available, perdncnt studies should include the 
following; 

1. The development of an optimum composition 
of the NRC-2A electrode (Mn-Mo type) for ballis- 
tic application. 

2. The development of a modified lime-type coat- 
ing |Mmcssing better operating characteristics than 
that used on the original electrodes. 

i. A fundamental investigation of the factors in- 
volved in improving electrode coatings. Tin's study 
also planned an investigation of the arc atmospheres 
produced by various ty|>cs of electrodes. 

Accordingly, a fundamental investigation of elec- 
trode coatings was established in January \94-i at 
Raticllc Memorial Imtitute under Project NR.C-76 

(OI)-3()-2), Development of Improved Electrode 
Coatings. Initial work on the project was entirely 
devoted to a study ol the gases present in arc at- 
mospheres and their effect on underbead cracking, 
since this subject was of particular interest in ex- 
plaining the noncracking characteristics of the Mn- 
Mo ferritic electrode. The investigation showed that 
the lime-coated ferritic and austenitic armor welding 
electrodes which do not cause underbead cracking 
produced arc atmospheres low in hydrogen with ap- 
preciable amounts of carbon dioxide. Conventional 
ferritic electrodes of the mild and alloy steel types 
with cellulosic and related coatings consistently pro- 
duced underbead cracking and arc characterized by 
arc atmospheres high in hydrogen.--'4 A continua- 
tion of experimental work to obtain more data per- 
taining to underbead cracking in hardenable alloy 
steels led to a study of commercial and experimental 
coaled electrodes. Additional tests were made using 
synthesized arc atmospheres to determine the effect 
ol individual gases on i.nderbead cracking and also 
to determine the effect of the arc upon these 
gases,--1'220 These tests definitely prove that hydro- 
gen is directly responsibtc for underbead cracking 
in hardenable steels. Other investigations show that 
this cracking tendency is also affected by meudlur- 
gical factors. 

At the request of Watertown Arsenal, later work 
on this program was devoted to determining the 
cauacs of weld metal porosity during metal arc weld- 
ing. Variations in porosity were found to be asso- 
ciated with the presence of hydrogen, nitrogen, and 
water vapor.-23 It appears desirable to point out that 
these investigations were terminated in August 1945 
before the work had progressed to a logical conclu- 
sion. The continuation of these studies should pro- 
vide much useful information which ultimately 
should be of considerable value in minimizing arc 
welding problems. 

While the above investigations were in progress, 
work was also continuing on the armor plate weld- 
ability problem and ferritic electrode development 
program. Both investigations were closely integrated 
and were concerned with the further improvement 
and application of the NRC-2A electrode (Mn-Mo) 
to the welding of armor. A large number of K plate? 
were fabricated by various procedures using com- 
mercial versions of the NRC-2A electrode, which by 
this time was being produced in appreciable quan- 
tities. The results of ballistically testing these H 
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plates are sumtnaHzed in two remits-1"--7 which 
conclude that the use of ferritic welding under con- 
trolled conditions will insure weldments possessing 
shock properties equal to or superior to comspond- 
ing austenitic weldments. Improvements were made 
in the operating characteristics of the Mn-Mo elec- 
trode and subsequent ballistic tests of weldments, 
such as an M-5 tank hull, showed that it is possible 
to fabricate successfully large armor weldments with 
this electrode.--7 As a result of these observations, a 
suggested specification for the NRC-2A electrode 
was prepared--8 which was subsequently adopted as 
Ordnance Department tentative Specification AXS- 
1450. 

Attempts to improve the operating cha^ ^teristits 
of the NRC-2A electrode were continued under 
Project NRC-2. The effects of changes in the con- 
stituents of the electrode coating were investigated 
to determine die effect of such changes on operating 
characteristics, porosity, and weld metal proper- 
♦ieb,^8 This information remains incomplete be- 
cause it was considered necessary to drop Ulis phase 
of the investigation in order to take up the more 
urgent problem of die development of electrodes for 
the repair welding of heavy cast armor. This work 
is discussed later in this chapter. 

A fundamental investigation of the isothermal 
transformation characteristics of NRC-2A weld 
metal was made under Project NRC-1, which indi- 
cated that the deposited metal from this electrode 
should consist of acicular fenite and tempered mar- 
tensitc. This structure was attributed to the rapid 
and extensive formation of acicular ferrite in the 
vicinity of 1000 F during cooling which results in 
carbon enrichment of the residual untransformed 
austenite. Widi the cooling rates associated with 
arc welding, no transformation occurs at inier- 
mediate temperatures and, as a consequence, mar- 
tensite rather than a ferrite-carbide aggregate is 

Another study pertaining to the properties of NRC- 
2A electrode was conducted at the Internationa! 
Harvester Company, Inc., and showed that a pro- 
neu need aging effect, resulting in improved ductil- 
ity, is obtained when NRC-2A deposits arc tested 
after various elapsed times at room temperature. 
Ductility is also shown to increase further as the re- 
sult of treating the weld metal for various times at low 
temperatures. This effect is believed to be associated 
with elimination of h'/drogen from the deposit.2■',, 

Work was also undertaken involving the post bal- 
listic examination of ferritically welded '/o-in. H 
plates to determine the fundamental causes of poor 
shock properties. This work shows that ballistic per- 
formance is affected by several factors including weld 
metal structure and properties, armor composition, 
joint design, and welding procedure, and that failure 
usually occurs in shock-deficient metallurgical struc- 
tures adjacent to welds.-'1-' Other experiments to 
compare different types of commercial NRC-2A elec- 
trodes exhibiting good and bad shock properties also 
were carried out. 

STUDY OF CAUSES AN» MANNER OF FAILURE 

OF WELDED JOINTS UNDER BALLISTIC SHOCK 

An extensive study was made under Project NRC-1 
at the United States Steel Corporation Research 
Laboratory to determine the causes and manner ol 
failure of welded armor joints subjected to ballistic 
impact. A large number of weldments primarily H 
plates but including actual components of armored 
vehicles, were examined, and the path of fracture in 
these weldments was determined and correlated 
with the zone of the joint through which the frac- 
ture traveled. In addition to establishing the mecha- 
nism for failure under ballistic shock, procedures for 
improving the shock resistance of welded joints were 
recommended.-I7'-;i',:!,m The most important facts 
and conclusions revealed by these studies were: 

1. Ballistic fractures propagate through the weld, 
the bond zone, or the heat-affected zone, whichever 
has the least ability to absorb energy under shock 
loading. 

2. In weldments made with high rates of heat 
input for the cross section available, the unusually 
low rate of cooling produces a zone of weakness in 
the heat-affected portion of the parent metal next 
to the weld with the armor compositions used for 
most combat vehicles. 

3. Submerged-melt, automatic, and manual weld- 
ing of thin sections up to !/£ in. in thickness usually 
results in cooling rates sufficiently low to permit the 
formation of a zone of weakness in the heat-affected 
zone of commercial armor compositions used for 
most combat vehicles. Ballistic failures usually occur 
in this region. 

4. Ballistic failures of weldments made with aus- 
tenitic electrodes usually occur in the weld metal 
adjacent and parallel to the interface between the 
weld metal and the heat-affetted zone, provided no 
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wcakneu exists in tin- latter region. This type of 
iracturc is believed to be caused by a linear precipi- 
taUor» oS carbides ami nanmetaiUi» in the weld meuii 
inniicdtatcty adjacent to the inf«rCace. 

8, Excaaive dilution ofansteniiit weld metal with 
parent irtctal (partitubrly in narrow joints) makes 
the weld deposit Jesu shmk resistant. Failure has 
br-en found to «xcwr consi»ienily If the iron tontcnt 
of the weld dcfMJsit is greater than 70 per tent. 

ik WdtlHiem* made using fenisic electrodes ex- 
hibit shot& properiics superior to corresponding aus- 
leniik wddsi^ms and in many cases develop shock 
icmtuncc appro;whing that of unwekled armor. 
lliaie feiritk tvdds were made in an arc atmmphere 
low in hydrogen and the depoi&ts arc characterised 
by a snicsosirut lure consisting of atkuiar ferritc and 
tempered martensite which has been found to be 
atsotiated with superior shock resistance. 

7. Conventional tensile properties, such as yield 
strength, ultiR&lc strength, and ductility, as deter- 
mined by standard tests, do not correlate with the 
ballistic shock resistance of any part of the weidet! 
joint. 

DtREcr EXPLOSION TEST FOR WEJ-OED ARMOR 

Since it was necessary to evaluate the ballistic 
»hock performance of weided armor in order to in- 
sure satistac iof y service performance, it was felt that 
a simpler test for this purpose would be extremely 
valuable. As a result, an investigation involving the 
determination of shock properties by static detona- 
tion of cxpimive charges, either in contact with or 
closely adjacent to prime and welded armor, was 
undertaken at the Trojan Powder Company under 
Project NRC-25 (OD-76)  (NS-255). Direct Explo- 
»ion Test for Welded Armor and Ship Plate, Ac- 
tivity on this project resulted in the development of 
testing procedures and special explosives which, 
when detonated in direct contact with either welded 
or prime armor, enables the relative shock perform- 
ance of the steel ^r ;vc!dnscnt tinder investigation 
to be ascertained. It is possible with this type of test 
to differentiate betwet:? the quality of different heats 
and types ('>f armor, alloy, and mild a'ecl, and tc 
evaluate the ctTect of welding with different pro- 
cedures. The results obtained with the explosion 
tests closely approximate the results obtained for 
standard ballistic tests made with projectiles. How- 
ever,, it should lie noted that, although the explosion 
test docs not exactly duplicate the ballistic test, it 

does provide a shock test of suiheient severity to ac- 
complish the same objective.81-8--^' This project 
is also discussed in Section 2.2 of this report in con- 
nection with nonballistic testing methods. Although 
work has terminated in connection with the appli- 
cation of this test to armor and ordnance equipment, 
other development work in applying the explosion 
test to evaluate the performance of ship plate and 
high-tensile hull steel is being conducted tor the 
Navy Department under a direct contract with the 
Bureau of Ships. 

DEVELOPMLNT OF A'JSTENITIC ELECTRODES 

While the above investigations were being con- 
ducted, work on the development of noncracking 
austenitic armor welding electrodes was progressing 
at the Rustless Imn and Steel Corporation undw 
Projec» hJRC-2R, which was financed by the com- 
pany and conducted under the supervision of the 
War Metallurgy Committee. The objective of this 
investigation was to determine the cause of root pass 
cracking and to investigate the relative advantages 
of manganese versus molybdenum modifications of 
20% Cr, 10% Ni electrodes. Details are described in 
three reports which comprehensively cover die work 
done.-88'1'39'340  The  important conclusions drawn 
indicated that it is possible to eliminate weld metal 
cracking in austenitic deposits of die modified 20% 
Cr, 10% Ni type by properly balancing the carbon, 
nickel, chromium, manganese, and molybdenum 
contents. Modifying the composition of the weld 
deposit so thai a small amount of delta ferrite is 
developed minimizes the tendency for cracking. 
There appear to be ah optimum amount of this 
phase which will give best results. Satisfactory elec- 
trodes can be made using either manganese, molyb- 
denum, or combinations of these metals, provided 
proper alloy balance is maintained. A composition 
balancing factor was developed which relates the 
carbon and alloy comer of the weld to its structure. 

Significantly, it was d closed that although both 
the mechanical properties and the cracking tendency 
of auscenitic electrodes arc affected by changes in 
composition, no relation exists between the ballistic 
properties of austenitic weldments and the compo- 
sition of the deposited electrco.:. The ballistic per- 
formance of several types of rolled homogeneous 
armor welded with austenitic electrodes, as evalu- 
ated by a direct explosion test, revealed variations 
which were ascribed to the armor used in the tests. 
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APPLICATION OF LARGE DIAMKTER ELKcrRODEs 

A survey was made by the War Metallurgy Com- 
mittee on the application of large diameter austen- 
if ic electrodes to the welding of armor.341 It was con- 
cluded that, while the use of large-size electrodes {?/$ 
in. and i/o in.) would materially increase rates of 
production, in annor applications their use should 
be limited to sections not less than \i/> in. thick, 
since ballistic tests indicated that the high heat input 
associated with large diameter electrodes produced 
shock-deficient metallurgical structures in plates up 
to 1 in. thick. 

LOW-TEMPERATURE BALLISTIC PERFORMANCE OF 

WELDED ARMOR PL>^ 

As a result of die poor ballistic shock performance 
exhibited by prime and welded armor at subnormal 
temperatures, the Army Ordnance Department's 
Tank Automotive Center in Detroit requested an 
investigation of the causes for failure of welded 
plates tested during the Canadian Cold Test Pro- 
gram of 1942-1943. This study was conducted also 
by the United States Steel Corporation Research 
Laboratories under Project NRC-1 and included H 
plates welded by the automatic Unionmelt process, 
H plates manually welded using 20% Cr, 10% Ni, 
4% Mn electrodes, and H plates manually welded 
with 20% Cr, 10% Ni, 2% Mo electrodes. Because of 
the urgency of the work, these problems were as- 
signed to research laboratories of the United States 
Steel Corporation, the International Nickel Com- 
pany, and the Climax Molybdenum Company, re- 
spectively, with overall coordination provided by 
the United States Steel Corporation investigators. 

The investigation of the automatic process dis- 
closed that the path of fracture in the ballistkalty 
tested H plates was predominantly in the heat- 
affected zone of the armor adjacent to the weld. The 
primary cause of failure in this region is believed to 
be due to the combined effect of unfavorable armor 
composition and to the high rate of heat input char- 
acteristic of the submerged-melt process, both of 
which result in the formation of free ferrite and 
other high-temperature shock-deficient transforma- 
tion products. Other contributing factors, which ap- 
pear to be magnified at subnormal temperatures, are 
the presence of local stress concentrations resulting 
from excessive weld reinforcement and defective 
welding. Recommendations for improving both aus- 

tenitic and ferrltic Unionmelt welded armor are also 
presented in the report of this work.'-'™ 

The iäiv,:.tf.igation of H plates manuaiiy welded 
with Cr-Ni-Mn austenitic electrodes attributed fail- 
ure at low temperatures to excessive weld metal 
hardness in the root passes resulting from a low 
austenitic margin.-:,4 Studies of H plate failures 
manually welded using Cr-Ni-Mo austenitic elec- 
trodes showed that the fracture path obtained in the 
low-temperature tests occurs at the interface be- 
tween the weld and base metals and appears to al- 
ternate between these regions.-'"' This type of failure 
was attributed to shearing stresses developed at the 
weld interface as a result of cooling the armor and 
the austenitic weld metal which possesses greatly dif- 
ferent coefficients of expansion at low temperatures. 
Other investigations have shown a linear precipita- 
tion of carbides and nonmetallies in the weld metal 
very close to the base metal interface, a factor which 
undoubtedly plays an important part in failure at 
tais location. 

DEVELOPMENT OF WELDED BACKUP STRIPS 

Research involving the development of backup 
materials for welded armor joints was established in 
May 1943 at Battelle Memorial Institute under Proj- 
ect NRC-59 (OD-82), Non-Metallic Welding Back- 
up Strips for Armor Plate Joints. This program was 
particularly concerned with nonmctallic materials 
because of difficulties attendant to removing steel 
bars and because of the fact that copper tends to 
melt, diffuse, and thereby alter the composition of 
the first weld pass. This sometimes causes porosity 
and cracking in certain weld metal compositions. 
Mineral-coated metallic strips and tamped granular 
ceramic materials were developed and applied with 
considerable success to austenitic and ferritic weld- 
ments in armor, alloy, and mild steels.849'848'8** 

EFFECT OF OXYGEN CUTTING ON WELDABII.ITV 

Another project, directly related to the armor 
weidability investigation, was initiated as the result 
of a request made by the Army Ordnance Depart- 
ment's Tank Automotive Center in Detroit. This 
project, Project NRC-71 (OD-136), Effect ol Oxygen 
Cutting on Weidability of Annor Plate, was estab- 
lished in October 1943 at the Air Reduction Com- 
pany, Inc., to study cracking associated with oxygen 
cutting, grooving, and gouging operations on rolled 
and cast homogeneous armor. Originally it had been 
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ammukd that cracks resulting from fiaine tutting 
operatiot» made f/ieparatory 10 welding were par- 
tially responsible for poor ballistic properties. 
Therefore, one of the primary purposes of this proj- 
ect was 10 investigate conditions leading to the crack 
ing in th« oxygen cutting of rolled homogeneous 
armor. It was demonstrated that with appropriate 
anting procedures rolled homogeneous armor in 
plate thkknesse» up to 3 in. could IK* oxygen cut 
without cracking.Large indusions.shrinkage stresses 
in internal comers of small radii cuts, and residual 
stresses resulting from straightening operations were 
found to be responsible lor cracking in oxygen-cut 
t>l->t<> 8*8 
I r- 

Later work on this project was primarily devoted 
to a study of cutting, grooving, and gouging opera- 
tions on heavy sections of cast armor. Again it was 
found that with appropriate procedures cast armor 
of 4 in. thicknesses could be cut. grooved, ami gouged 
without cracking. Shrinkage stresses in internal cor- 
ner cuts with radii less than I in., low ductility, and 
especially fncliutons are the primary reasons for 
cracking in cutting or scarfing operations on cast 
armor. Recommendations for the cutting of rolled 
and cast armor were also prepared.'-Nn 

WeLOiNa OF FACF-HARDENKD ARMOR AND 

BosoN-'i aKATKD HOMOCI NEot;s ARMOR 

Although die problems attendant to the welding 
of face-hardened armor were considered urgent dur- 
ing the early part of World War II, greater empha- 
sis on shock properties with the resulting increase in 
the use of homogeneous armor somewhat reduced 
the importanfcc of this subject. Three projects were 
initiated, however: a correlation project, NRC-16R 
(OD-74), Welding of Face-Hardened Armor, at 
Rock Island Arsenal; Project NRC-24 (OD-74), The 
Development of a Process for Manufacturing and 
Welding of Face-Hardened Armor, at the Buick 
Motors Division ui General Motors Corporation; 
ami Project NRC-80 (OD-74), Development of Proc- 
c»e» for the Manufacturing and Welding of Caso- 
Catbtiri/ed Armor Plate from Non-Alloy Steels, also 
at the Hoick Motors Division of GMC. 

The work on Pmjm NROI6R showed that it was 
impmscblc to weld face-hardened armor of the high 
nickd-molybdcnum type with (omplcte freedom 
from cracking by any procedure in which weld metal 
comes in ditrct contact with ihr carburi/ed surface. 
No difftniltv was cxpcricmwl in welding the uncar- 

burized surface of this type of armor. Special pro- 
cedures involving prccladding were developed which 
resulted in satisfactory welds in this material.-'47 

Work on Project NRC-2J was primarily concerned 
with the development of a machinable type of face- 
hardened plate by additions of boron in the form 
of special addition agents, such as Grainal, to a con- 
trolled hardenabiiity carbon-manganese steel. Tests 
showed this material to be readily wcldable, but 
difficulties were encountered in duplicating plate ma- 
terial which made the results rather inconclusive.84 

In Project NRC-30, Manufacture and Welding of 
Case Carburized Armor Plate from Non-Alloy Steels, 
special attention was paid to the effects of boron and 
other alloying additions on ballistic properties and 
weldability of armor steel. It was apparent from this 
work, as well as that on Project NRC-29, Manufac- 
turing and Welding of Homogeneous Armor Plate 
from Non-Alloy Steels, that boron does not materially 
affect the weldability of armor. It is to be noted that 
some of the reported developments seem unsuitcd 
for welded applications.«5'«0-'00'«07 

Th«- above-mentioned projects dealing with boron- 
treated steels are also discussed in Sections 2.3.1 and 
2.3.2, because they were concerned principally with 
the development of armor plate rather than with 
the welding of such plate, although the latter is an 
important comidcration in its fabrication. 

STRESS RELIEF OF WELDMEKTS 

Shortly after the start of the armor welding pro- 
gram, research was initiated to dctermino the stress 
relieving characteristics of steels used in the fabri- 
cation of ordnance equipment, such as gun mounts. 
Investigations in this field were established at Ohio 
State University under Project NRC 3 (OD-34-2), 
Stress Relief of Weldmcnts for Machining Stability, 
and at Rock Island Arsenal under Correlation Proj- 
ect NRC-17R (OD-34-2), Stress Relief of Welded 
Joints. In Imth these projects the variables present 
In stress relieving low-alloy st«?els and methods of 
measuring residual stresses were investigated. In ad- 
dition, «he problem of dimensional stability after 
machining was given special attention in Project 
NRC-3. These investigations indicate that (1) a 
temperature of at least 1100 F is neccsary to elim- 
inate effectively residual stresses in alloy steels, (2) 
temperature is more effective than time in reduc- 
ing residual stresses, (3) thermal stress relief just 
below  the critical   tciiipuaiiiic greatly improves 
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the stability of wddmcnls alter machining, und 
(4) both the magnitude' of residua! stress and the 
distortion which occurs on machining weldments 
in the .is '.vcklcd condition are proportional to the 
yield strength of the steel at stress relieving tern- 
pcrature.'-'^'-"" 

REPAIR OF CAST ARMOR nv WELDING 

During 1944 the problem of repairing heavy cast 
armor became of extreme importance because of 
the need for heavy tanks. As a result of a request 
of NDRC initiated by the Office of the Chief of 
Ordnance-Detroit for the extension of Army Ord- 
nance problem OD-36-2 to include the development 
of suitable electrodes for repair purposes, the pro- 
grams of both Project NRC-1 and Project NRC-2 
were modified to carry on this additional work. The 
basic problem was to develop a weld metal which 
when heat  treated in accordance with the pro- 
cedures used for heavy armor castings, would pro- 
vide   »hock   and   penetration-resisting   properties 
equivalent to heat-treated cast armor. Under Proj- 
ect NRC-I at the United States Steel Coipotation 
Research Laboratories, the objective was to recom- 
mend electrode compositions which, when deposited 
and heat treated, would develop fully martensitic 
structures at the center of O-in. sections and to eval- 
uate the suitability of these electrodes for the in- 
tended purpose. It is believed that the presence of 
tempered  martensite  or certain  low-temperature 
bainites is essential to the development of goml 
shock-resisting properties, and it was desired that 
these properties be realized at the highest practical 
hardne&s level in order to obtain adequate resistance 
to penetration by armor-piercing projectiles. 

The work under Project NRC-2 at the Combustion 
Engineering Company was designed to produce and 
investigate the welding characteristics of electrodes 
recommended for the above purposes. It was neces- 
sary to terminate work on both phases «( this investi- 
gation before it had been carried to a logical con- 
clusion and as a result only preliminary work is 
reported. Several electrodes were developed, how- 
ever, which appeared promising for the intended 
purpose.« ^"W"»-881 

During the production of combat vehicles with 
heavy cast armor, considerable aid was furnished pro- 
duction foundries by members of the welding super- 
visory staff of the War Metallurgy Committee in the 
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form of held service and consultation on repair weld- 
ing problems. It is noteworthy that it was necessary 
to use the NRC-2A electrode, developed in the 
NDRC welding program, for the production repair 
of armor castings pending the development of better 
electrodes. AH other commercial ferritic and austeu- 
itic electrodes were found to be unstiited for this ap- 
plication in Army Ordnance Department tests. The 
availability of this electrode undoubtedly speeded 
heavy tank production at a critical period. It is fell 
that this field service was one of the more important 
contributions of the War Metallurgy Committee and 
NDRC during the later stages of World War II.283 

DEVELOPMENT UF AN ELECTRODE FOR WELDING 

HIGH-STRENGTH STRUCTURAL STEELS 

Another problem of considerable importance dur- 
ing the late stages of World War II arose because of 
the necessity for weight reduction in ordnance equip- 
ment. Experimental designs for gun mounts, 
tank transporters, etc., have been proposed using 
quenched and drawn steels of 90,000 psi minimum 
yield strength. The use of heat-treated steels in the 
120,000 psi yield strength range has also been contem- 
plated. As a result, there was an urgent need for the 
development of usable lime-coated alternating-cur- 
rent ferritic electrodes possessing equivalent yield 
strengths for fabricating these materials. However, 
these steels are essentially the same as those used for 
light homogeneous armor and, therefore, weldability 
problems are similar. 

At the request of the Ordnance Design Sub-Office, 
Franklin Institute, the Office of the Chief of Ord- 
nance requested NDRC for an extension of the scope 
of problem OD-36-2 and for this purpose a develop- 
ment program was added to Project NRC-76, Devel- 
opment of Improved Electrode Coatings, already 
being conducted at Battellc Memorial Institute. Al- 
though work on this project was terminated before 
the completion of the proposed program, two very 
promising electrodes were developed possessing 
90,000 and 120,000 psi yield strengths with good due- 
tüity.-'''4 Additional work to determine the suita- 
bility of these electrodes for use under severe loading 
conditions is essential before definite recommenda- 
tions can be made for their use in high-strength, 
lightweight structural applications. Important held 
service and consultation in connection with this 
general problem was also furnished the fabricalon 
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of expcrimcntaJ rciiiipincnt by members of the 
wcldifig nu|M.'rvi!Wjry staff of the War Metallurgy 
Committee.'-"-1 

' 
8,1.3 Wddabilhy 

Ailhough a fiindamental study of (he weidabiliiy 
of steels was not considered as important early in 
World War II as a more direct approach to special 
subjects, such as the armor problem discussed in the 
previous section, it was felt that information which 
would enable the selection of optimum arc welding 
conditions for steels used in die fabrication of tanks, 
gun mounts, and other ordnance ccpupment would 
be extremely useful. Because of the breadth of the 
general weidabiliiy [noblem, however, it was deemed 
desirable to limit initial studies to a particular phase 
of the subject in order to reduce the number of vari- 
ables under simultaneous consideration. Since it was 
the considered opinion of many in the welding in- 
dustry that the production of a ductile metallurgical 
structure in the heat-affected /one of the base metal 
was of paramount importance in avoiding welding 
and service difficulties, early work was restricted to 
a study of the effect of welding conditions on die 
heated base metal adjacent to welds and the utiliza- 
tion of this information to select welding conditions 
for different steels. In recognising the significance of 
this aspect of weidabiliiy. it was not intended to 
minimi/c the inijionance of the electrode deposit, 
since it is apparent that the interrelation of both 
base metal and weld metal properties determine the 
subsequent behavior of the weld in service. 

It is of particular interest to note the belief in 
1942 that high ductility in the heat-affected base 
metal was essential to avoid such welding and serv- 
ice difficulties as cracking and poor ballistic proper- 
tics. This conception undoubtedly was prompted to 
a great extent by the cracking observed in the 
heated region adjacent to welds made in harden- 
able steels which were made by using ferritic clcc- 
irodes without preheat. Since that time, the under- 
load cracking phenomenon has been explained.-" 
'Hie relatively {xoor shock pioju'rties of die highly 
ductile elevated tempnatmc transfoiination prod- 
ucts has been demonstrated, as well as die fact that 
ductility measurements do not provide a valid 
method for predicting service performance particu- 
larly under severe loading conditions.-1-1 The re- 

sults of the initial weidabiliiy investigations, which 
are briefly summarized below, should therefore be 
reviewed in the light of more recent findings. 

Both the properties and structures of the base 
metal adjacent to the weld are necessarily influ- 
enced by a number of factors. It was believed that 
the most important of these were the rate of cooling 
of the heated base plate material and the hardening 
characteristics  of  the  steel   under  consideration. 
Therefore, the first phase in the investigation of 
the effect of welding conditions on the heat-affected 
base metal involved the determination of the rate 
of cooling in this region. This was approached by 
making direct measurements and hardness meas- 
urements. Both lines of attack were resorted to, since 
it was reah'üiad that great difficulty was associated 
with the direct measurement of welding cooling 
rates and the subsequent extension of this data by 
mathematics to include a wide variety of conditions. 

The method of attack utilizing hardness measure- 
ments was followed in Project NRC-9  (OD-S7-1), 
Evaluation of Weldability by Direct Welding Tests, 
established at Lchigh University in April 1942. The 
procedure used involved the determination of the 
maximum hardness in the heat-affected base plate 
for given energy inputs, plate thicknesses, and joint 
designs, and the further relation of this hardness to 
the hardness of a standard end quenched jominy 
hardcnability bar of the same steel treated to re- 
produce the austcnitic grain size found adjacent to 
the weld. It was assumed that corresponding hard- 
nesses in the heat-affected zone and in the Jominy 
bar would represent equivalent cooling conditions, 
and in this manner welding conditions could be 
expressed in terms of Jominy positions. By heat 
treating to various hardness levels notched bend 
specimens from the material to be welded, the kela- 
tive ductility corresponding to these hardness levels 
can be obtained from measurements of the angle 
at maximum load during slow bend tests of these 
specimens at room temperature. Thus, cooling rates 
could be correlated with ductility by relating both 
of these factors to hardness, and the selection of 
welding conditions to be used under given circum- 
stances then resolves itself into a specification of 
the required ductility, which is a matter of expe- 
rience and judgment. 

To reduce the amount of experimental work nec- 
essary to provide working charts from which in- 
fomiation applicable to a wide range of welding 
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conditions (tuncut, arc voltage, and travel speed), 
plate thicknesses, and joint designs can be obtained, 
the assumption was made and verified that the cool- 
ing effect of various weld geometries can be related 
to the cooling effect exerted by metal within a cer- 
tain distance of the weld. With the charts prepared 
in this manner, a quantitative prediction of the 
cooling rate for any combination of welding condi- 
tions, plate thicknesses, and joint design may IK: 

made without experiment. Then with hardness- 
ductility relationships established for the steel 
under consideration, welding conditions may be 
selected to obtain the desired ductility in the heat- 
affected zone adjacent to the weld.888'857-858 

A program to undertake actual measurement of 
cooling rates in the heat-affected zone immediately 
adjacent to welds was established in March 1942 at 
Rensselaer   Polytechnic   Institute   under   Project 
NRC-10  (OD-37-1), Evaluation of Weldability by 
Direct Measurement of Cooling Rates, in this in- 
vestigation,  experimental  techniques were devel- 
op«! to measure cooling rates associated with dif- 
ferent welding conditions. The experimental data 
obtained were extended by means of mathematics 
to include a wide variation in welding conditions 
through modifications of the transient heat flow 
equations. The cooling rate data so obtained may 
be applied to particular steels for the puruose of 
securing any desired  metallurgical structure ad- 
jacent to a weld through the use of the end-quenched 
Jominy hardcnability  test and  isothermal  trans* 
formation data. Procedures for applying this infor- 
mation to the solution of welding problems were 
developed.250 

Another investigation, closely related to the 
above studies, was initiated for the purpose of 
studying the mechanism of heat flow during arc 
welding. This investigation, which did not involve 
any consideration of the metallurgical aspects of the 
problem, became Project NRC-11 (OD-37-1), Evalu- 
ation of Weldability by Correlation of Electrical and 
Heat Constants, established at Columbia University 
in April 1942. The investigations were conducted 
using the method of electrical analogy in which elec- 
trical networks are used which follow the same 
mathematical laws that apply to transient heat flow. 
General cooling curves were established for a variety 
of welding conditions and were found to be in close 
agreement with cooling curves determined by direct 
thermal measurements. An interesting and impor- 

tant feature of the electrical analogy method is that 
experiments need not be carried out in the same 
time in which the heat transfer phenomenon oc- 
curs. The time for the electric experiment may be 
made shorter or longer than the actual interval of 
heat flow on a scaled basis, which simplifies the pro- 
cedure used for making measurements. Although 
the data accumulated in this investigation are in- 
complete, the validity of the method is evident and 
in all probability it may be applied to other weld- 
ing problems involving transient heat flow.-"" 

Under Project NRC-65 (OD-123). Evaluation of 
Factors   Affecting   Crack   Sensitivity   of   Welded 
Joints,   a   research   program   was   conducted   at 
Rensselaer   Polytechnic   Institute    The   principal 
emphasis of this investigation was plated on a study 
of the effects of the length of weld, plate thickness, 
plate composition, electrode, and welding variables 
upon the stresses produced. Welds were made using 
both  transverse  and  longitudinal   restraint,  and 
considerable  information  was obtained  for each 
case.281 Another phase of this project was concerned 
with the magnitude of the stress at which cracking 
occurs in welds made under conditions of restraint. 
This condition is referred to as the cracking limit 
and comparisons were made to determine the sig- 
nificance of plate thickness, joint geometry, and type 
of electrode. The results of a limited number of 
comparisons made using comparatively thin plates 
indicate that the cracking limit is obtained at a 
stress value in the weld surface of approximately 80 
per cent of the ultimate strength of the depobited 
metal, and that the shape of the cross section in the 
weld deposit significantly affects the cracking ten- 
dency in first pass dcp<raits. These data were obtained 
using E-6020 and E-601C electrodes in welds made 
in   i/g-in. plate without backing strips. Different 
result» were obtained for welds made with backup 
bars."«-' 

Another investigation conducted at Lchigh Uni- 
versity, Project NRC-6(>, Methods of Testing Weld- 
ability of Steel Plates and Shapes, developed a 
method for quantitatively comparing the degree 
of restraint at which a weld cracks during cooling in 
steel plates of various compositions when all other 
conditions arc maintained constant. A special fin- 
type specimen in which the restraint can be varied 
was designed for this purpose. Variations were noted 
in the cracking tendency of several plain carbon and 
low-alloy steels, and  it  was  found  that  the  lest 
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inetliod tould IM- nsnl to compare clccinxles, in 
UTIIIS nf the rcsiraim at which n.»(ks occur, with 
any <h«m,n piaic compmition. 

An investigation of ilic (tacking tendency of 
«•vt'tal gnukit of comiitercial elcütnxlcs using tin; 
lint VIM.* wcldahiliiy specimen revealed (lilfeiencc» 
in the quality of these clcciuodes. A study of the ef- 
fect of preheat indirated lhat crack sensitivity is 
reduced proportionately as the plate temperature 
is raised.8-8 

«.M Resistance Welding 

Several nonretatcxl resistance welding research 
ptograins were undot taken as needed t«) provide in- 
hmnation considered netessary for the successful 
fahiicalion of war material, particularly aircraft. 
Tim work iiuhidcd investigations of the spot weld- 
ing of light armor and alloy steels, the Hash welding 
of aiicraft steels, the spot welding of magnesium 
alloy sheet, and nondestructive test methods for spot 
attd Hash welds. Although fundamental data of 
major impoMance resulted from this work, it ap- 
peatD desirable to point out lhat these studies are 
iqnesenuisvf of only a small portion of wartime 
resistance welding research. 

Srtrr \Vri.tiiNO 

Investigations comlucied prior to WorJd War II 
inditated lhat spot welding offered a promising 
nu IIKHI hi* joining steels up to i/s in. in thickness. 
The ]Mmibility of fahricai ing light armor and alloy 
steels in tins thickness range offered interesting pos- 
sibiliiies and wits madf the subject of an investiga- 
tion at Rcnsselaer Polytechnic Institute under ProJ- 
ett NRC 12 (OD-85). S|M>f Welding of Armor Plate 
and Low-Alloy Steels. Attempts to utilize early in- 
formation led to a complete investigation of the 
fundamentals of spot welding heavy plate, together 
with an investigation of the feasibility of heat treat- 
ing spot welds in die welding machine. As a result 
of (his work, which included the development of 
control ccpupment, measurement techniques, and 
a test for weld properties, a general procedure was 
formulated which pemiits the selection of optimum 
welding and heat-treating conditions to be used for 
any given thickness combination of hardenablc 
steels, Prmedurcs were also developed for spot weld- 
ing alloy steel clip attachments to both homoge- 

neous and face-hardened armor. In ballistic tests 
these weldments demonstrated shock resistance 
properties equivalent to the armor itself. An in- 
teresting comparison of the merits of continuous and 
pulsation welding for this application showed that 
the continuous process is to be prefcrred.-04-l,:i 

To ascertain the feasibility of predicting weld 
strengths from radiographic or lluoroscopic images. 
Project NRC-56, Radiographic and Fluoroscopic 
Methods of Inspection of Spot Welds in Aluminum 
Alloys, was established at California Institute of 
Technology in March 1943. In this investigation, a 
new short source-film-distance technique was devel- 
oped for spot-weld radiography which enables de- 
terminations of weld structure and quality to be 
made and also provides a consistent and positive 
method for determining the strength of spot welds 
made in Alclad 24S-T and XB75S-T sheet in equal 
or unequal thickness combinations up to a ratio of 
3:1.200 As this technique involves the unorthodox 
prr-'cdure of placing the ",-ray tube very close to the 
film, it is applicable only to the radiography of thin 
specimens. The interpretation of spot-weld radio- 
graphs given in the final report on this project was 
adopted and included in the Navy Bureau of Aero- 
nautics Spccifkacion PW-6A, Amended, covering 
spot welding process control and inspection for naval 
aircraft. 

A study of the lluoroscopic method of spot-weld 
inspection showed that further development, in- 
cluding a major improvement in screen contrast 
and definition, was meccssary in order to auain the 
reliability and accuracy exhibited by the radio- 
graphic method. In general, those aluminum alloys 
with high jMircentages of radiographically dense 
alloying constituents, such as zinr and copper, xvill 
produce spot-weld images which may be used for 
process control, whereas alloys without dense con- 
stituents cannot be handled in this fashion.2*" 

The feasibility of spot welding magnesium alloy 
sheet material was investigated at Rejissclacr Poly- 
technic Institute under Project fMRC-68, Spot 
Welding of Magnesium Alloys. It had been demon- 
stratcd in early studies that for the production of 
sound and consistent spot welds the surface of the 
sheets to be welded must be carefully prepared 
either chemically or mcchanicsilly. Therefore, a 
major objective of this investigation was to develop 
a single chemical solution which would clean all 
varieties of magnesium sheet at room temperature. 
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As a result of extensive work on this aspect of the 
problem, a chemical method for preparing mag- 
nesium sheet for spot welding was developed. The 
solution used contained 10 per cent chromic acid 
with an addition of 0,05 per cent anhydrous sodium 
sulphate.J08 

Since magnesium alloys are similar to aluminum 
alloys in that they have relatively high electrical and 
thermal conductivity and low melting points, the 
essential requirements in equipment and technique 
for spot welding magnesium alloys are similar to 
those requhvd for aluminum alloys. Optimum 
conditions for spot welding equal thicknesses of 
three commercial compositions of magnesium alloy 
sheet in several tempers and thicknesses were deter- 
mined and are presented in the final report on the 
project, together with a description of methods used 
for testing and examining spot welds in these 
alloys.-88 

FLASH WELDING 

Project NRC-13 (OD-86), Flash Welding of Alloy 
Steels for Ordnance, was established at Eattelle 
Memorial Institute in April 1942. 

In order to investigate the effect of process vari- 
ables on the production of high-quality welds, dif- 
ferences resulting from varying the electrical and 
mechanical factors associated with the process were 
appraised by metallurgical examination and me- 
chanical tests. It was demonstrated in the invebdga- 
tions that high-quality flash welds made in SAE-4I30 
steel heat treated to 160,000 psi are as strong as the 
parent material. Defective welds resulted from de- 
c?rburization at the weld interface and the presence 
of oxide films at this location.-70-274 

Attempts were made to eliminate these defects by 
surrounding the flashing surfaces with nonoxidi/- 
ing atmospheres during welding. Dry hydrogen, dry 
carbon monoxide, and natural gas were shown to 
have possibilities as protective atmospheres. The re- 
sults of these tests show that defects arc obtained 
even with these atmospheres, if the c'sectrical or me- 
chanical conditions are not properly established. It 
was noted, however, that the variation in welding 
condiiions which can be tolerated without affecting 
the production of high-quality welds is greater when 
the protective atmospheres arc used.2" 

I'art of the activity of uiis piujtxi included the 
translation of the German book by Hans Kilger, 

puhlished in I9S6, which discusses the fundamentals 
of the flash welding process.27'1 

The difficulty of determining the quality of flash 
welds in production without resorting to destruc- 
tive tests led to the establishment at California In- 
stitute of Technology of Project NRC-57 (OD-86). 
Non-Destructive Testing of Flash Welds. Among 
the many methods investigated, four were found 
which may be used with limitations for the detection 
of flash-weld flaws. These methods include the 
standard magnetic powder test and several special 
tests.277270 Of these tests, one in which the devia- 
tions from a normal eddy-current flow pattern in 
the region of the weld are measured is considered to 
offer the greatest possibility for production testing. 
In this test, deviations in the eddy-current pattern 
are produced by flaws in the weld. It is of particular 
interest to note that the eddy-current test may be 
successfully applied to the testing of nonferrous 
metals.280 

To determine the research needs in the field of 
aluminum alloy flash welding. Survey Project SP-2S, 
Flash Welding of Aluminum, was carried out by the 
War Metallurgy Committee in mid 1914. This sur- 
vey showed that the application of this process to 
aluminum alloys was in its infancy. No standardized 
welding techniques existed, and there were consid- 
erable differences of opinion regarding proper 
methods for welding and the desi^ii of machines. 
Oh the basis oi rather inconclusive evidence, it ap- 
pears that it may be possible to produce flash-welded 
joints possessing 90 per cent of the tensile strength 
of the parent alloys. From expressed opinions, it is 
believed that most aluminum alloys can be suc- 
cessfully flash welded and that heat treatment after 
welding will probably improve the joint properties 
in certain compositions.281 No NDRC research 
projects were established on this subject. 

6.1.5 Indexing of Division IS Reports on 
Welding of Armor and Ordnance 

An index of the Division 18 reports on the weld- 
ing of armor, ordnance steels, and structural steels 
issued during the period 1942 to 1944 was prepared 
by the Research Information Division of the War 
Metallurgy Committee. This index883 gives a sub- 
ject list of the various projects with the rcjwrts issued 
on each, a brief abstract of the contents of each 
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report, and a subject index ol the re|>ori». It list» also 
the «eels and electrodes used in the investigations, 

•■«        SHBP WELDING AND WELDED 
STEEL SHIPS 

9•,•, Imroducdon 

Several welded tankers and dr)'-cargo ships suf- 
Cercd severe structural failures during the winter 
of 1942-43. Failures occurml lM»tli at sea and when 
ship» were moored in quiet harbors. These failures 
were of the brittle cleavage lypc and often propa- 
gated with explosive rapidity, in some cases the 
reports having been heard as far as a mile away. 
The fractures which started at discontinuities in 
the hull structure occasioned by fabrication and 
design traveled transversely acros« the hull struc- 
ture, in several instances splitting the vessel in two. 

At the outset of the extensive war shipbuilding 
program of the Merchant Marine, it was decided 
that the »hips were to be fabricated by welding. 
Although the experience available at that time bear- 
ing on the operation and fabrication of welded ships 
was limited, it was decided to adopt this method of 
tomtructioiB rather than riveting because welding 
reduced greatly the construction time and saved 
iiiatcrials. Both of these factors were, of course, of 
paramount importance. 

Investigations following these hull failures re- 
vealed the fact that, although in many instances the 
workmanship was not satisfactory, the shipbuilding 
materials complied with the existing specifications. 
Recognition of the seriousness of faulty workman- 
ship led to immediate improvements through edu- 
cation and extended supervision and inspecdon. 

At that time it was the considered opinion of the 
majority of technical shipbuilding personnel that 
a prime factor in the cause of these failures was the 
existence oii residual stresses locked in the hull struc- 
ture generally, but particularly in the welds and 
adjacent material. This opinion was based on the 
appearance of cracks parallel to the weld which oc- 
curred when a weld was made under high restraint 
and the proper welding sequence had not been fol- 
lowed. These cracks were believed to be caused by 
high transverse stresses resulting from the welding 
operation. It was also believed that smh high trans- 
verse residual »trcuke» were present to a degree »^ all 
weids and when thev were combined with the work- 

ing stresses of the hull, particularly at welded butts, 
hull fractures resulted. For this reason great empha- 
sis was placed on following a prescribed welding 
sequence in order to avoid or nt least minimize resid- 
ual stresses. In consequence, when the research 
program for investigating the structural failure oi 
welded ships was started, prime emphasis was placed 
on a study of welding stresses. 

Through the recommendations of the War Metal- 
lurgy Committee and with the cognizance of the 
U. S, Maritime Commission, the U. S. Coast Guard, 
ami the American Bureau of Shipping, NDRC had 
established the first research project in this general 
field by June 1943. As time went on, the need for 
investigating the ship failure problem from other 
viewpoint» became apparent. This resulted in the 
establishment of additional research projects so that 
by August 1945f fifteen investigations in this field 
were in progress, or had been completed. 

9-§-2 Welding Stresses in Ship Ccmstmcdoa 

Two research investigations were established at 
the University of California to investigale welding 
stresses, Project NRC-64 (NS-304), Residual Stresses 
in Ship Welding, was concerned witl/ studies of 
residual stresses in typical ship weldments as well 
as those in actual ship subassemblies, while Project 
NRC-74 (NS-.H05), Kistoi) of Residual Stresses in 
Welded Ships, dealt with investigations of both 
residual stresses in actual ship subassemblies and the 
locked-in stresses in the hull structure of completed 
ships. Residual stresses are defined as dtc weld- 
ing stresses produced in free subassemblies, while 
locked-in stresses include also the stresses result- 
ing from other fabrication and assembly processes. 

The research projects to study residual stresses 
were organized to determine the magnitude and dis- 
tribution of stresses in typical ship weldments, etc. 
To determine these stresses, a method of relaxing 
plugs containing resistance strain gages was per- 
fected,  Weldments  consisting of   l-in.-ihick  ship 
plates and ranging in size i'rom 4-ft by 6-ft to 27-ft 
by 57-f(t ship subassemblies were investigated288-2^ 
The effect on the magnitude and distribution of 
residual stresses was determined as a function of such 
variables as manual  and  Unionmelt  welding,283 

welding   sequences,28-128a   elcctrodes,a3I•22S•28,    rc- 
straint,185'28«   prehcating,28,v-Nrt  pecning,28r,28ß  me- 
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chanical   loading along a  butt  weld,"84  and  the 
effect of controlled low-temperature stress relief.880 

The investigation of the locked-in stresses in com- 
pleted ships, Project NRC-74, was organized to de- 
termine: (1) stresses in the decks of six recently 
completed vessels and eight ships that had been in 
service,'-'NT the history of the changes of the locked-in 
stresses starting from completed deck subassemblies 
and tracing these stresses through construction, 
launching, outfitting, and loading, as well as during 
the first voyage of two Liberty ships;288 (2) the effect 
on the locked-in stresses of the hogging and sagging 
test of three type T-2 tankers;280-290 (S) the stress 
effects owing to temperature gradients through the 
hull structure;-01 (4) the magnitude and distribu- 
tion of locked-in stresses in the decks of 21 Victory 
ships constructed in three Pacific Coast yards;892 the 
stress effects of welding a large hot deck subasscmbly 
into a cooler hull structure;-03 and the use of X-ray 
diffraction measurements for determining stresses 
in hot-rolled plate.294'«"1 

Some significant conclusions from thew investiga- 
tions are as follows: 

1. Thf magnitude and general pattern of the resid- 
ual wehied stresses existing in very large weldinents 
up to 2V ft by 57 ft can be obtained in panels as small 
as 6 ft by 4 li. These stresses are sufficiently repro- 
ducible either by Unionmelt or manual welding to 
enable significant effects of different controlled vari- 
ables to be determincd.2M'2Wa8<' 

2. In butt welds of free subassemblies made from 
I-in. plate, the longitudinal residual stresses along 
the center line of the weld reach a magnitude of ap- 
proximately 17,000 psi in tension throughout the 
length, except in the 9 inches adjacent to each end 
where they decrease to zero at the ends. The trans- 
verse residual stresses are low tension usually less 
than 10,000 psi, except near the ends of the weld 
where they change to compression, reaching values 
of from 20,000 to 30,000 psi at the endi.™-™'™'-™ 

3. Welding sequence in general does not affect the 
magnitude of residual stresses in free subassem- 
blies.28« 

4. Longitudinally along the deck welds of com- 
pleted Liberty ships" stresses were tensile and ranged 
from 20,000 to 50,000 psi with an average value of 
36,000 psi. Stresses transverse to the welds reach a 

il'he computed temile deck «tresses resulting from the Iwnd- 
ing motne.'its were essentially the same in all shins ranging 
from 2.200 psi to 4,700 psi wiih an average value of 3,400 psi. 

maximum value of 11,000 psi in tension with an 
average value very close to zero. It was determined 
also that these stresses are not reduced appreciably 
by normal service887 since only a very small fraction 
of the welded ships have failed. Therefore, it was 
concluded that the locked-in stresses do not con- 
tribute materially to such failures. Similar investiga- 
tions on board C-4 troopships-00 and T-2 tank- 
ers-88200 also were completed. 

5. The locked-in stresses at selected points away 
from welds in the general deck area abreast of a No. 
3 hatch of completed Liberty and Victory ships arc 
generally compressivc.-87'20-' In the Liberty ships, 
the locked-in stresses ranged from 1,500 psi in ten- 
sion to 9,800 psi in compression with an average value 
of 5,200 psi in compression.-'87 In the Victory ships 
these locked'in stresses range from 8,800 psi in ten- 
sion to 16,600 psi in compression with an average 
value of approximately 7,600 psi in compression. 
Those near the gunwales of completed Victory ships 
are generally tensile and reached a maximum value 
of 5,900 psi. Higher values of locked-in tensile stresses 
were observed at other locations in the deck.202 

6.2.3 ©ff Misltiasäa! Loads on the 
Behavior of Ship Steel 

As the investigations dealing with welding stresses 
progressed, it became apparent that these stresses 
were not important factors contributing to the struc- 
tural failure of welded ships and that other phases 
of the problem should be investigated. 

Upon review of the brittle characteristics of frac- 
tured material removed from ships that had failed, 
questions were raised regarding the state of stress to 
which this material had been subjected. It was felt 
that the hull steel must have been subjected to a 
complex state of stress since, as manifested by the 
low degree of ductility exhibited by the fracture, 
shear How had been inhibited. When samples of steel 
taken dose to the fracture were subjected to the 
usual tests, they exhibited satisfactory strength and 
ductility. 

In order to study ihis problem, two lesearch proj- 
ects were initiated early in 19-14: Project NRC-75 
(NS-306), Behavior of Steel under Conditions of 
Multiaxial Stresses and Effect of Welding and Tem- 
perature on this Behavior, at the University of Cali- 
fornia; and Project NRC-77  (NS-307), Behavior of 
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Steel under Conditiom of Muitiaxial Streu and 
the Effect of Metallographie Structure and 
Chemical Composition on this Behavior, at the 
Illinois Institute of Technology. The program» of 
these investigation« involved the determination of 
die mechanical behavior of a typical semi-killed ship 
steel when subjected to biaxial loading. This was 
accomplished by testing unnotdied tubes from the 
same heat of semi-killed steel under conditions of 
biaxial tensile loading at various temperatures. Two 
ii/es of the tubes were tested: 31,4 in. in diameter 
with a j^-in. wall, and 20 in. in diameter with a 
s/J-in. wall. 

At room temperature it was found that the smaller 
tubes-,w/-'1'7 ■-,im predict generally the behavior of the 
larger tut>cs,2,m but at low temperature (—10 F) this 
was not the case.1"10 Another significant finding of 
this investigation was that the larger tubes, when 
tcsteil under biaxial tension and especially at low 
temperatures, show great reduction in strength and 
ductility as compared with residts from the usual 
tensile test at corresponding tem|)eratines.-'!m This 
lack of plastic flow at —40 F was comparable to 
that found in fractured ships. A »arge tube, stress 
relieved after welding and tested at —K) F, showed a 
significant increase in strength and ductility over a 
similar tube which was tested at the same stress ratio 
but not stress relieved after welding.889 

The investigations on large tubes are being con- 
tinued at the University of California under the 
sponsorship of the Bureau of Ships, Navy Depart- 
ment. 

To supplement these investigations, the War Met- 
allurgy Committee cak-ried out Survey Project Sp-19, 
Review of Literature on Behavior of Metals under 
Multiaxial Stresses, This review covered a study of 
sis hundred references with principal emphasis on 
experimental work on metals under muitiaxial 
stresses. These results arc discussed under such head- 
ings as yield strength, plastic behavior, rupture 
strength, energy to rupture, fatigue, etc. Theories 
of shear How and fractuie are discussed in the light 
of available test data.301 

,IJM     Effect of Notches and Structurai 
Discontinuities on the Behavior 

of Ship Steel 
As information became available through the cu- 

nuilaiive record, pa.titularty on the {»otcntiaHy seri- 

ous nature of structural failures in welded ships, it 
became increasingly apparent that the common ori- 
gin of these fractures was in defective butt welds and 
structural dösoontinuities in the hull, such .u hitch 
corners, sheer strake cutouts, etc. The probability of 
making all the welds in a ship 100 per cent perfect is 
very small. Furthermore, the deletion of .'ill struc- 
tural discontinuities through idealized design would 
work undue hardships on the economical construc- 
tion and operation of welded ships. In order to 
insure safety of operation, the materials used for 
welded ships must be capable of withstanding, with- 
in the operating temperature range, the effecis of 
stress raisers caused by discontinuities in the hull 
structure required by reasonable engineering design, 
and of stress raisers caused by damage incidental and 
accidental to the construction processes and opera- 
tion. 

The fractures originating in this manner propa- 
gate through plates of the hull structure, usually 
with no evidence of ductility, and are of the brittle 
cleavage fracture type. Deck failures have occurred 
in cases wficre the computed nominal stresses are 
well below the yield point of the material as deter- 
mined by the usual tensile test. 

To determine the factors contributing to the brit- 
de cleavage failures of large structures that contain 
stress raisers, three research investigations were ini- 
tiated and established in November 1944 at the rc- 
cpiest of the U. S. Coast Guard, Navy Depaamcnt, 
under control number NS-336. These were Project 
NRC-92, Cleavage Fracture of Ship Plate as Influ- 
enced by Design and Metallurgical Factors, at the 
University of California; Project NRC-03, Cleavage 
Fracture of Ship Plate as Influenced by Size Effects, 
at the University of Illinois; and Project NRC-94, 
Correlation of Laboratory Tests with Full-Scale Ship 
Plaie Fracture Tests, at Carnegie Institute of Tech- 
nology. As the principal investigator on Project 
NRC-94 transferred from Carnegie Institute of 
Technology to Pennsylvania State College, Project 
NRC-94 was terminated and Project NRC-96 ^as 
established at Pennsylvania State College with the- 
samc title and program as the former Project NRC- 
94. 

The investigations of ship plate fracture involved 
studies of the load-carrying capacity and ductility of 
large plates, 72 in. wide and .% in. thick, containing 
central transverse notches as stress raisers. These 
»dates were to be tested to failure at various tem- 
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pcratures ranging from —40 u> -f 110 F. Also included 
in the program was a study of a large welded stnu- 
tural memlier simulating a ship hatch corner which, 
owing to itn gKMnetry, has a high degi'te of t'estraint 
and a severe notch coiMlition.m,i,',W3 Preliminary to 
the laboratory investigation of these welded struc- 
tures, the War Metallurgy Committee conducted 
Survey Project SP-25, Stress Analysis of Welded Sec- 
tions: Brittle Failures in Welded Steel Ships, to 
study the factors underlying the buttle fractures in 
such structures and to detetmine if laboratory tests 
could yield useful information.9414 

The research program is still in progress under 
direct contracts with the Bureau of Ships, Navy De- 
partment, the OSRD contracts having been termi- 
nated in August 1945 in accordance with NDKC 
demobilization plans. 

A number of diftewnt steels falling within present 
ship steel specifications, including rimmed, semi- 
killed, and fully-killed steels, are being investigated. 
By these investigations it is expected that, through 
the use of large model studies approaching full-scale 
proportions, steels can he segregated and evaluated 
on the basis of notch toughness, particularly at low 
temperatures, thereby yielding results that are di- 
rectly applicable to the ship. Further, it is expected 
that these investigations will produce results that 
can he applied toward modifying present specifica- 
tions to insure steels best suited for welded fabrica- 
tion and safe ship operation. The results of these 
tests are being correlated with those of notched bar 
impact tests.805-808 

Since these investigations are still in progress, only 
provisional results can he given at this lime. Based 
on the work completed to date, the following results 
appear significant: 

1. Wide centrally notched specimens of y4-in. ship 
plate tested statically at temperatures ranging from 
-f 110 to —40 F failed at stresses on the net section 
only slightly exceeding the yield point of these steels 
as determined from the usual tensile test. These frac- 
ture stresses were essentially the same whether the 
fracture occurred hy shear or by cleavage. The cleav- 
age fractures, particularly »hose at the lower tcm- 
peralmes. failed with a lack of ductility comparable 
to that observed in ship fractures.8071808 

2. Through the use of the large specimens it was 
possible to raise the transition temperatures,at which 
the mode of fracture changes from shear to cleavage, 
to values within the temperature range of 20 to 110 

F under which ships normally operate. The change 
from shear to cleavage fracture indicated a signifi- 
cant decrease in the ability of the steel to absorb 
energy. 

3. Generally the steels were segregated in the Rat 
plate tests in the same order as predicted by the 
notched impact tests. 

4. Large welded specimens were designed to sim- 
ulate a ship hatch corner and loaded to produce a 
stress distribution closely approximating that in a 
Liberty ship. On the basis of this single geometry 
which has a high degree of restraint and a severe 
notch, variations of type of steel, testing tempera- 
ture (32 to 72 F), and type of welding electrode 
(E-6020, HTS, austenitic) had little effect on the 
nominal breaking strength of the specimen, 23,100 
to 27,800 psi. The ductility and energy absorption 
varied depending upon the type of fracture.802,308 

5. All hatch corner specimens tested at 32 F failed 
with a cleavage fracture. These tests covered all the 
steels being investigated. 

fi. A hatch corner specimen, preheated to 400 F 
and then welded, failed at a nominal breaking stress 
of 32,200 pi. An identical specimen welded without 
preheating failed at a nominal breaking stress of 
24,000 psi. Both specimens failed with cleavage frac- 
ture when tested at 70 F. The energy absorbed by 
the preheated specimen was considerably greater 
than that absorbed by the specimen that was not pre- 
heated. 

6-2-5   Effect of Variows Hates of Strain on 
the Behavior of Ship Steel 

Several Division 18 projects related to the effect of 
various rates of strain on the behavior of steel. These 
studies included (1) the effect of impact velocities 
25 to 200 fps on the mechanical properties of various 
steels (see Section 9.3.2), (2) theecjuivalenceof strain 
rate and temperature in producing brittle fracture, 
and (3) the behavior of steel plates, welded and un- 
welded, when subjected to high strain rates under a 
direct explosion test. 

In connection with the laboratory tests of cen- 
trally notched plates discussed previously, the rate 
of crack propagation has been found to be as high 
as 0,000 fps.1107 These rates were determined in plates 
failing with cleavage fractures and having ductilities 
of the order of those found in fractured ships. When 
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cleavage fractures oJ vtny low ductiltty occur, ihc 
fr.«« mit' Mrcngili ol tlic material i-» lets than its yield 
strength. In the «yiK1 of fracture encmintered in 
welded shij», the yield üirt'«»«»!!» !IH« been raifed ow- 
ing to the (oniplex state of stress existing at the tool 
of the fracture and the high strain rate. A tnethnd 
for separating these imrcnient» to the yield strength 
is not known. Suhseqncnt investigation» may show 
an eqnivfdeiue hctween the effect of strain rate ami 
»talc of stress on the yield strength toinparable to 
the apparent relationship between strain rate and 
letnpenuim'. So far the exphwion test appears to IM? 

die only method whereby strain rates of the order of 
tlnwc probably obtaining in ships during fracture 
tan lie achieved. 

Under Project NRC-72, Jnvcstigation of Factors 
Reducing the Effective Ductility of Welded Steel 
Members, at ehe Massachusetts Insiituie of Tech- 
nology, sufficient work has been completed to con- 
firm an apparent equivalence between temperature 
and strain rate recently prormdgaled.so This work 
was done using welded and umvelded-noiched beam 
spednien», I in. by 1 in. by ß in. in size, of several 
ship steels. The tcn)|>era«ire was varied from -f480 
to -280 F, and the testing S{>ecd to reach Utc yield 
|»oint was varied from 0.05 second to 5 minutes. The 
investigation is being continued under the sponsor- 
ship of the Welding Research Council. 

The direct esplmion test developed by the Trojan 
Powder Companv under Project NRC-2r> (OD-7fi) 
(NS-25.r)), Direct 1 splosion Test for Welded Armor 
and Ship Plate (see also Sections 2.2 and 6,1.2), ap- 
[fears to be a most promising method for determin- 
ing behavior of specimens, welded and unwelded, 
under high strain rales, Usingplatesapproximately 12 
in. squ&.re, an essentially equal biaxial tensile stress 
can IK? produced on the tension face. Tins biaxial 
ST re:» Is accompanied by a third axial tensile com- 
lament of unknown magnitude and phase telation- 
ship. Thus, it is possible to test plate spet imens un- 
der 'riaxial sire» and high strain rates and, in addi- 
tion, the lemperaiure may be varied. Special explo- 
sives have heen developed whereby «he vchicity of 
die delonaung wave and the gas volume can be con- 
trol N-d. h \s |M)ssible ihereby to vary the shock load- 
ing so that the specimen can 1M? fractured without 
spalling on the tension face. This was considered 
necessary, since it was desired to fracture the steel 
on planes normal to ihe plate surfaces, but at the 
same time keep ihe third-axis stress component as 

large as possible in order to maintain a high degree 
of restraint. Preliminary investigations have evalu- 
ated shipbuilding and HT steels in the same order 
as predicted by the Charpy impact test •■1,m Essentially 
the s;<mc results have been obtained from similar 
specimens subjected to a static-bend lest at low tem- 
peratures.310 

This investigation is still in progress under a 
direct contract with the Huieau of Ships, Navy 
Department. 

•4M Wddabalhy of Hull Steel 

At the specific request of the Office of the Coordi- 
nator of Research and Development, Navy Depart- 
ment, two investigations, Project NRC-8f) and Proj- 
ect NRC-87, were established in May 1914 to study 
the factors influencing the weldability of hull steels 
and to determine the relation between these factors 
and the metallurgical quality of the steels. 

Project NRC-86 (N&255). Weldability of Steel 
for Hull Construction, at Lehigh University, utilized 
a restraint test which was found useful in predicting 
the behavior of steels and electrodes in the fabrica- 
tion of welded structures. Through this test, unde- 
sirable heats of HT hull steels could be segregated by 
determining theirsensitivitytocracking when welded 
under various degrees of restraint,311 The investiga- 
tion involved a study of such variables as the varia- 
tion of steel composition, variation of chemistry 
within a given specification, effect of position in 
the ingot, variation among steel suppliers for a given 
specification, effect of electrode, preheat, plate thick- 
ness, and edge preparation. 

This project made also a preliminary study310 of 
the factors, such as metallurgical structure, tempera- 
ture, residual stresses, and stress concentration 
(notches), that are believed to affect the ductility of 
welded joints. The program included static-bend 
tests, notched and unnotched, in which the speci- 
mens were bent both longitudinally ami transversely 
to the welds. An exrensive investigation oi" the 
Charpy impact values at various positions in the 
weld heat-affected zone and parent plate was started 
in an attempt to explain the influence of each on 
the behavior of the plate as a whole in the bend test. 

Under Project NRC-87 (NS-255), Investigation of 
the Metallurgical Quality of Steels Used for Hull 
Construction, conducted by Battclle Memorial In- 
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stitutc, the factors inHucncing underbead cracking 
of HT steel were studied. A weld-bead test was de- 
veloped to measure dm tendency. This test indicated 
large differences in crack sensitivity of various lots of 
the same grade of steel. Frequent variations of crack 
sensitivity were found that could not be explained 
on the basis of chemical analysis, end-quench hard- 
enahility,hardness of the heat-affected zone or tensile 
properties. The crack sensitivities could be changed 
markedly by heat treatment. This investigation also 
included a study of the steel making and processing 
procedures used in making commercial heats of this 
grade of steel and involved the determination of 
crack sensitivity effects of plate thickness, position in 
the ingot, grain size, microstructure, and tensile 
properties.818,815 

Since these projects arc being continued under di- 
rect contracts with the Bureau of Ships, Navy De- 
partment, only tentative conclusions can be drawn 
at this time. The following appear significant: 

1. Satisfactory correlation exists between the be- 
havior of four heats of HT steel as predicted by the 
restraint test'110 and the direct explosion test.300 

Both prime plate and double-V butt joints welded 
with E-6010 electrodes were tested. 

2. The transition temperature for the prime plate 
is lower than that for the welded plate in all cases 
where prime plate properties have been compared 
with welded plate properties in the as-welded con- 
dition by die static-bend test. The steel compositions 
investigated included a 0.18 carbon steel, a 0.25 cai - 
bon killed steel, and an HT (0,18 per cent) carbon 
steel; the electrodes used included the E-6010, HTS, 
and 25-20 types. It is believed that this bend test can 
be used to determine the influences of such factors 
as metallurgical structure, dissolved gases, and re- 
sidual stresses on the ductilities of welded joints.310 

S. The relative tendency toward underbead crack- 
ing of HT hull steel can be determined by a simple 
weld bead test made under closely controlled con- 
ditions.313315 

4. Higher compositions have generally greater 
sensitivity to uiiderbead cracking. However, vari- 
ations in the crack sensitivity of different lots of HT 
steel occurred frequently. These variations could not 
lie explained on the basis of chemical analyses, hard- 
enability, hardness in the heat-affected zone, or other 
properties commonly determined.313'315 

5, Thermal treatment was indicated to have a 
pronounced effect on crack sensitivity. Homogeniz- 

ing decreases and annealing increases this sensitiv- 
jty<au,8ia 

ß.2.7 Fatigue of Ship Welds 

On a number of ships, hairline cracks have been ob- 
served in the vicinity of the hatch comers. Owing to 
the stress concentration in this area occasioned by 
the hatch corner discontinuity, it appeared reason- 
able that these could be fatigue cracks caused by the 
alternating loads to which a ship is subjected in a 
seaway. These cracks would then propagate until 
the stress in this area had been lowered by the re- 
duction of the stress concentration factor. Upon sub- 
sequent loadings having higher stress amplitudes 
and increased strain rates, for instance, in a rough 
sea with a lowered temperature, it was expected that, 
owing to the lowered notch toughness, the hairline 
crack could act as a trigger to start a fracture prop- 
agating through the structure. 

Welded ships have suffered structural failures 
after only a short period of sea service or with no 
service at all. It appears, therefore, that while fa- 
tigue failure may be a contributing factor, it does 
not provide an adequate explanation for the struc- 
tural failures of welded ships. 

Project NRC-89 (NS-.S04), Fatigue Tests of Ship 
Welds, was established at Cornell University to de- 
termine the fatigue behavior of ship steel specimens 
containing longitudinal welds and cutouts with and 
whhout welded reinforcement plates and doublers. 
No significant conclusions can be drawn as yet ow- 
ing to the limited amount of work completed,31*1 

This investigation is being continued under a direct 
contract with the Bureau of Ships, Navy Depart- 
ment, 

G.2.G Status of Che Research Program 

Since most of the above-mentioned investigations 
are still in progress under the sponsorship of the 
Bureau of Ships, Navy Department, no evaluation 
of the results can be given at this time. However, it 
appear» reasonable to anticipate that the completion 
of these projects will assist in determining the rela- 
tive importance of the design, material, and fabrica- 
tion mcdiod in the successful service performance of 
welded ships. Thus, it is anticipated that the results 
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<if «hh research prt^ram will ultimately be of con- 
siderable auistance in the design and construction of 
low-cost welded slups of assured service performance. 
This background information will be of particular 
value in the future construction of welded passenger 
bhips where even minor structural failures may have 
most serious consequences. 

Most of the Division 18 projects, which have l)een 
taken over under direct contracts by the Navy De- 
partment, are being continued for the present under 
the supervision of the War Metallurgy Committee. 
The objective of these projects is to obtain addi- 
tional cstpcrimental data upon which definite rec- 
ommendations bearing on the problem of the design 
'And construction of welded ship can he based. This 
work will involve: 

I. Obtaining additional data to explain more 
fully the reasons for the reduction of the strength 
and ductility of welded strncturcs, especially at low 
temperatures or high-strain rates, by means of (a) 

investigations of the large as-welded tubes (20 in. in 
diameter, ^J-in. wall) subjected to biaxial tensile 
stresses, especiaily when tested at low temperature 
(—40 F), and'(b) bend tests of unnolched plates con- 
taining a butt weld or surface weld bead and sub- 
jected to the explosion test or a static-bend test at 
low temperature. 

2. Performing additional tests on steels of supe- 
rior notch toughness using large Hat p!ate and hatch 
corner specimens. 

3. Investigating improved hatch corner designs, 
4. Continuing the investigation to determine the 

fracture stress at zero ductility of steel in an attempt 
to explain the factors, particularly from the view- 
point of metallurgy and mechanics, which control 
the change from shear to cleavage type fractures. 

5. Attempting to develop a laboratory test to pre- 
dict the service performance of large structures. 

6. Obtaining information relative to the fatigue 
behavior of typical ship welds. 
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Chapter 7 

TRIALS AND 

V.I MALLEABLE IRON M:illc;il)lc iron 

i ARLY IN ^Vorld War II steel-making facilities were 
often overloaded with orders for cast steel prod- 

ucts as the demand far exceeded the capacities of the 
industry. It became apparent that, if malleable iron 
could be used in war material appiiralions where 
steel had been used, the large productive capacity of 
the malleable iron industry would be available to the 
war effort. 

When substitution of malleable iron for cast steel 
in tanks, combat vehicles, and other military applica- 
tions is contemplated, a question arises as to its 
behavior at low temperatuns and at elevated tem- 
peratures. While experience in other uses indicates 
that, over the range of temperature involved, malle- 
able iron does not depart greatly from its room-tem- 
perature behavior, more information was needed. 
To explore this possibility, the Ordnance Depart- 
ment requested, under their control number OI)-81, 
that the effects of temperature on the properties of 
malleable iron be investigated. Therefore, Project 
NR.C-28, Properties of Malleable Iron Castings for 
the Use in Tanks, Combat Vehicles, and Other 
Military Applications, was established at Battelle 
Memorial Institute. This project encompassed an 
investigation of the effects of low lemperatures on 
die impact resistance of malleable iron castings by 
Charpy impact, tensile impact, and wedge tests on 
different grades of commercial malleable irons, pearl- 
itic malleable irons, and cupola malleable irons over 
a temperature range from -{-15 to —50 F, -ind a study 
of the effects of elevated temperatures on the same 
variety of malleable irons by the same tests at tem- 
peratures up to and including 1200 F. 

A comparison of the mechanical properties of or- 
dinary grade B cast steel, normalized and drawn, 
with those of malleable irons, heat treated according 
to their class, is given in the following tabulation: 

Malleable iron 
Grade B 
cast steel 

45,000- 
55,000 

(05 per 
cent oraet) 

Vi'ld 5tre«gtli, psi 

Regular 

S3,000- 
37.000 

i'earlicic 

42,000- 
57,000 

Cupola 

25,000- 
30,000 

Tensile strength, psi 75,000- 
90,000 

5:!,noo- 
57,000 

75,000- 
93,000 

•12.000- 
■:s!.(ir}!) 

Grade IJ 
casi steel Regular I'earlitic CU|H 

Elongation, per cent       25-35 l2i/2-25 H-IH 5-7 
Reduction of area, 

per cent                       30-55 20-25 5-15 4-7 
Charpy impact (room 

temp.) keyhole, ft-ll)     15-30 5*8 2-6 4-r, 
Charpy impact (-40 F)    1-20 II-7 1-3 3-4 

Regular malleable is peculiar in that increased 
strength and increased ductility go hand::; hand. 
With other ductile ferrous products, ductility de- 
creases as strength increases. 

Pearlitic malleable can be made with a yield 
strength closely approaching that of cast steel, but it 
has lower ductility. Regular malleable runs below 
cast steel in both yield strength and ductility, but, if 
the design in which substitution is to be made does 
not require all the yield strength of steel, or if the 
design is modified in accordance with the yield 
strength, it should be a usable material, for it com- 
bines a fair level of toughness and has long been used 
in many severe services, e.g., in railway parts and in 
trucks where it may have to resist shock and even bat- 
tering. Cupola malleable, though made more eco- 
nomically than the other types, has a relatively low 
level of strength and ductility, although it serves well 
for some purposes, such as pipe fittings. All the mal- 
leablcs, especially regular malleables, are very readily 
machined having, in this respect, a material practical 
advantage over cast steel. 

When comparing malleable with cast steel with 
respect to low-temperature behavior, it needs to be 
recalled that cast steel may show very low notched 
bar impact values at low temperature, «s the cited 
range of 1 to 20 ft-lb at —40 F shows. 

It is now well understood that within this range 
variations in cast steel are governed by the deoxida- 
tion practice. Thus, well deoxidized basic or acid 
open-hearth, basic nr acid electric, and converter 
steels will give results hugging the top of the range. 
Poorly deoxidized steels made by any of these proc- 
esses may hug the bottom of the range. 

Not much attention has been paid to tnis, and 
much cast steel with very low notched bar impact 
resistance at subnormal temperatures has un- 
doubtedly been in low-temperature service and given 
satisfactory  service  under  conditions  where   the 
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tioigncr, had he appreciated how brittle poorly made 
cast steel can be at low temperature, would have 
spet ified thai the steel IK* tested for low-temperature 
toughness and that those heals of steels lacking in 
such toughness be reject cd. That is. cast steels no 
more resistant to shock at low temperature in the 
presence of notches than the lietter grades of malle- 
able, have given useful service. Neither steel nor mal- 
leable parts that are too severely notched will stand 
severe impact. Engineering design has to recognize 
this and see to it that where impact is involved 
severe notches are absent, and that where notches 
cannot be avoided the parts are protected from re- 
ceiving severe slunk by design of the assembly. 

h is well known that the usually determined me- 
chanical properties of both steel and malleable, with 
the exception of notch toughness or impact resist- 
ance, improve as the temperature drops within 
atmosphcrir temperature limits. Attention was 
focused, therefore, on the low-temperature impact 
behavior. 

Tensile impact results on unnotched bars of all 
three types of malleable do not materially diverge, 
either in energy absotbed or in elongation produced, 
from room-temjicrature results, even down to -80 F. 
At lea.t down to -40 F, the same was true of un- 
notched Charpy bars. 

Cupola malleable did not prove promising for 
low-temperature use. Pearlitie malleable was some- 
what more promising in view of its high yield 
strength, with fair low-temperature behavior, but 
regular malleable showed the best lo\v-temperaturc 
behavior. 

However, regular malleable should be so heat 
treated as to remove all vestiges of pcariitc. 

Notched bar impact tests arc not so selective as the 
wedge-curl drop test, and wedge-curl drop tests at 
low temperatures seem indicated for proving that the 
beat antl heat treatment have produced n:atsrb! »Sal 
will be tough at low temperatures. If such testing is 
applied to eliminate material of doubtful quality, 
regular malleable can be selected that appears to have 
as good toughness at -40 F as at room temperature, 
and usable toughness at still lower temperatures. 

At elevated lcinperaturest the best combination of 
properties in all irons occurred in the temperature 
range of 70 to 200 F. Above these temperatures and 
up to about 600 F. ductility either remained con- 
stant or fell off. Charpy impact values fell off con- 
tinuously to about 1000 F, while wedge test results 

generally reached a low point at temperatures rang- 
ing from 400 to 800 F. Tensile impact values dropyK'd 
steadily to about 800 F and the strength held up fairly 
well to 600 F, above which it dropped otf rapidly 
while the ductility correspondingly increased. 

The results of this investigation provided 
(jataaiT,3i!t upon which the substitution of malleable 
iron for cast steel could be based in considering mate- 
rials for various parts of war material in the expects 
tion that such would divert a considerable tonnage 
from steel to the more plentiful malleable iron facil- 
ities. A summary of this work was published serially 
for the benefit of industry.310 

1.9. CENTRIFUGAL CASTING 

7•2•,   Survey ©f tkt Status of Gentrifiiga! 
Casting 

As malleable iron was substituted for cast steel in 
order to allevhte shortages in steel casting facilities, 
it was believed that castings, particularly steel cast- 
ings, made by the centrifugal casting process might 
to some extent replace forging» and thus relieve the 
pressure on forging facilities. Conventional mass 
production facilities for the manufacture of forg- 
;ngs and seamless tubings were inadequate to meet 
the unusual demand and, because of the relatively 
small Initial investment, centrifugal casting methods 
appeared attractive and promising. To determine 
the feasibility of this substitution, the War Metal- 
lurgy Committee carried out a survey of the status 
of development of the centrifugal casting process 
and of the possibility of extending its use to items 
of ordnance materiel. The applications, advantages, 
and limitations of the process were studied and, al- 
though the survey was not complete, it was adequate 
for the purpose of appraising the general problem 
and providing a baais for the formulation of a pro- 
gram of development, !n the report on this sur- 
vey820 five immediate needs were indicated and four 
projects were established. Subsequently, the Army 
Ordnance assumed active sponsorship of these proj- 
ects under their control number OD-108. 

'•" Bibliography on Centrifugal Casting 

This bibliography"1 was prepared by the Nava! 
Research Laboratory under Project NRC-34N (OD- 
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108) in cooperation with the War Metallurgy Com- 
mittcc. The report consists of a short rcsumö of the 
centrifugal casting field, a discussion of the funda- 
mentals of the various processes, brief abstracts of 
the more comprehensive writings on the subject, and 

hronological, classified listing of publications and ac 
patents. It provided assistance not only to the groups 
engaged in centrifugal casting but also to those con- 
templating entering the field. 

7.2,5 Heat Flow in Metal Molds 

As recommended by the survey, Project NRC-33 
(OD-108), Analysis of Heat Flow in Metal Molds 
for Centrifugal Casting of Gun Tubes, Airplane 
Cylinders, Tank Bogey Wheels, and Other War Ma- 
tcriel, was established at Battellc Memorial Institute 
with the obj»;ctive of obtaining data which would 
permit improved designs of casting machines, in- 
creased life of molds, and improvements in cast 
product owing to accelerated and controlled heat 
abstraction. 

The adoption of centrifugal casting in metal molds 
for production of s .eel gun tubes, aircraft engine cyl- 
inder, tank bogey wheels, etc., raises questions as to 
the proper material for molds and the proper thick- 
ness of the molds. 

Molds could be made, for example, of steel, cast 
iron, or copper, with the first cost and ease of manu- 
facture naturally in favor of cast iron. The molds 
can be thin or thick, with first cost and ease of spin- 
ning on the side of thin molds. The outside can 
be plain or corrugated and can be air cooled or 
water cooled. 

Failure of molds usually occurs by heat checking, 
a result of repeated tensile stresses. The number of 
casts before a mold has to be discarded because of 
heat checking depends upon the magnitude of the 
tensile stress set up by the thermal gradient and upon 
the ability of the material to withstand repeated ten- 
sile stresses of that magnitude. 

Fundamental information on the thermal gra- 
dients and resulting stresses was sought by elaborate 
experiments on steel, cast iron, and copper slabs of 
different thicknesses, cooled in various ways, when 
varying amounts of molten steel were cast upon 
them. 

The results32- showed that the stresses produced 
in the different materials are pretty much at the 

same level as their known ability to resist repeated 
stresses. This results from the differences in modulus 
of elasticity among the three materials. Water cool- 
ing does not seem to offer much advantage over air 
cooling. 

Since the other materials do not appear outstand- 
ingly better than cast iron, the commercial use of 
cast, iron for molds seems justified. While thin molds 
reach maximum temperature and maximum stress 
quicker than thick ones, thus giving less time for 
stress relief, the overall service, compared with cost, 
will probably be belter for thin molds than for thick 
ones. 

Marked improvement by lov/ering maximum tem- 
perature and maximum stress is afforded by a heat- 
insulating mold coating 0.04 in. thick. A coating 
of 0.01 in. in thickness is much less effective. Rather 
thin, air-cooled, erst iion molds with the 0.04-in. 
insulating coating appear at least as good an engi- 
neering choice as any other readily available mold 
material. 

7.2,4 Mathematics Underlying the Process 

Survey Project SP-10 (OD-108). Mathematics Un- 
derlying the Centrifugal Casting of Metais, was car- 
ried out by the War Metallurgy Committee, and the 
report was edited and revised by the Applied Math- 
ematics Panel of the NDRC. 

Centrifugal casting, not oidy of cylindrical objects 
but also of other shapes, involves forcing molten 
metal  under pressure against the mold  wall  by 
centrifugal force. The pressure is usually expressed as 
"times gravity." The optimum pressure for any given 
setup is produced at some particular rotational speed. 
Mold inside diameter, casting thickness, density of 
metal being cast, rotational speed, and angle of in- 
clination of the mold to the horizontal all enter as 
variables. It is premature to assume that an ideal 
rotational speed can at present be calculated or pre- 
dicted because of the many variables concurrently 
operating and the lack of knowledge regarding the 
interrelationship of these variables. The report on 
the project323 does, however, present infoi mation on 
the mathematics underlying the mechanics of metal 
spinning and is a practical manual by which the 
more obvious values of practical interest, such as 
times gravity and pressure on mold wall, can be de- 
termined and converted from one to the other by 
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meai» <>i handy diaru, Ii also provides a common 
numenclatuFc for ihe use of tlutsv contemplating the 
adoption of the process. 

7.a.s Development and Extension of 
Centrifugal Casting Methods 

Project NRC-üO (01)108), Improvements in and 
Extension of Centrifugal Casting Methods for 1'ro- 
ductiofi of Mistt'llancous War Materiel Items, was 
i'liabiisiud in the laboratories of the united States 
I'ijn; ami Foundry Company. It involved applica- 
tion of centrifugal casting methods to objects ordi- 
narily produced by other methods, but for which 
methods existing facilities were limited. 

.Seamless steel tubing was not in sufficient supply 
to provide the desired number of (H)-inm trench mor- 
tar battels and, at the request of the Philadelphia 
Ordnance District, centrifugal casting of such mor- 
tar barrels was studied.'1-4 Casting centrifugally itt a 
steel mold preheated to about S50 F and sprayed 
with a water suspension of silica Hour and colloidal 
bentonitc produced tubes which, after rough ma- 
chining, were free from visible defeats and withstood 
the hydriiulic: pressure test. Heat-treated and ma- 
chined, such tubes were found entirely satisfactory 
on overload proof-firing tests at Aberdeen Proving 
(»round. Casting details as to mold speed, mold tem- 
peraturc, refractory coating thickness, casting tem- 
perature, speed of {muring, etc.. were then worked 
out. 

The process was applied to the commercial pro- 
duction of (iO-nim and 8l-mm trench mortar barrels. 
This released for production of aircrsft tubing the 
ecpiipment for making seamless tubing thtt would 
otherwise: have been required for trench mortar 
barrels. The cost of the centrifugally cast barrel is 
higher but production facilities, rather than cost, 
were the important feature of the situation that was 
thus IJK t. 

The success o» this wotk led to a study of the cast- 
ing of recoil cylinders forüO-mm and 105-mm guns-13' 
at the reipiest of the Army Ordnance Department. 
These large castings, over 5 ft long, G in. OD, and 
$1/% in. ID in the rough, were made in cast iron 
tathcr than steel molds, carrying a refractory wash. 
Machining 14 in. each from the OD and ID removed 
all casting defects ami shrinkage, and ret oil Zylinders 
from the castings, after heat treatment, finish ma- 

chining, honing and lapping, met all requirements 
of mechanical properties, machinability, and finish- 
ability. 

Rock Island Arsenal reported33,1 on these centrifu- 
gally cast recoil cylinders as follows. 

1. The ten (10) cciilrifii);;illy cast cyliiulcrs suhmiticd by 
the U, S. I'ipc ana Foundry Company! iliirlin^ioii, N. J., have 
IML-CD found to lit: suitable for proccsüin^ into lOR-mtn recoil 
cylinders which meet all requireinenI.H and ipedncatkmt, in- 
cluding physical properties machining, honing, and lapping 
characieriitics. 

a. It is belicvct! that, if cylinders can be produced by cen- 
trifugal casting whiih consistently show composition and phys- 
ical characteristics similar to the ten (10) cylinders tested, an 
additional source uf cylinder stock, other than those of bar 
stock and drawn tubing, can l>e developed by the meihod of 
centrifugal casting. 

An attempt was made to produce steel recoil cyl- 
inders lined with monel metal to replace those made 
from solid forgings of monel.*5"1 This would have 
saved much critical monel metal. No successful bond- 
ing was accomplished by centrifugally casting monel 
metal itUo a heated steel tube, but good bonding 
was produced bv pouring molten steel into the ro- 
tating mold first and following this, while the steel 
wr.s still above 2500 F, with a pour of molten monel 
metal. Unfortunately, shrinkage voids in the monel 
metal produced small imperfections in the ID not 
permissible in recoil cylinders. As the use of monel 
metal for recoil cylindeis had been abandoned by 
the time satisfactory bonding had been achieved, the 
problem no longer existed and no further attempt 
was made to produce duplex sleel-monel castings 
with perfect interiors. 

End connections for tank treads were cast•',-^,•:,-<, 

using several molds arranged radially about a cen- 
tral pouring gate, and using special dry sand mixes 
to avoid cutting the mold by the molten metal. Cen- 
trifugal force was used to flow the molten metal into 
the molds. After working out the pro|)er gating, 
radiographically sound castings were made and sup- 
plied to the Army Ordnance Department for heat 
treatment and service test. Early fracture of some of 
the castings brought ottt the fact that the heat treat- 
ment applied by the Ordnance Department was 
quenching without tempering, the Brinell hardness 
being 500 instead of the specified 330 to 375. The 
Army Ordnance Department planned to temper the 
castings properly and run them to destruction, but 
apparently this was never done because adequate forg- 
ing facilities had been provided by that time. From 
the analogy of oiher cases, one would expect that, had 
the test been made, the centrifugal castings, correctly 
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heat treated, would have proved serviceable. 
X41S0 steel for seamless tubing for aircraft is nor- 

mally cast into ingots, rolled to bloom», the blooms 
reheated and rolled into rounds, and the rounds 
pierred in a tube mill. All this processing to produce 
a hollow round for subsequent rolling and drawing 
could bg obviated by centrifugal casting cf a hol- 
low round billet in the first place. This was 
done825,889 and the centrifugal billets hot rolled and 
drawn. No difficulty was met in these operations. 

However, no boring or broaching was done on the 
ID of these hollow cylinders, that is, no removal was 
made of the last metal to freeze/There was no analog 
of the cropping of an ingot. As a result of shrinkage 
voids distributed over the ID of the casting, the in- 
side of the finished tube contained imperfections not 
permissible in aircraft tubing. 

Quite the same condition was met in a similar 
effort to produce blanks for ball-bearing races by cen- 
trifugal casting of alloy 52I00."I-'U Such cast blanks 
were cold reduced with equal facility to the hot- 
rolled tubing ordinarily used, but, since the ID was 
not machined, flaws similar to those noted above 
appeared on the ID of the finished race, and the 
material was not acceptable. 

In the»? particular cases, lack of suitable facilities 
for cleaning up the ID led to abandonment of the 
centrifugal casting method, though with such a clean- 
ing-up operation there is reason to expect that the 
serviceable castings might have been produced. 

All these experiences show that it is futile to ex- 
pect perfect ID on centrifugally cast tubes when no 
one would expect to use an ingot without cropping 
off the piped top. The piping shrinkage that results 
from the volume change in going from the liquid to 
the solid has to take place. In the centrifugal casting 
it takes place all over the ID and the resulting un- 
sound inner surface has to be removed from any such 
casting where a sound ID is needed, just as it is re- 
moved from centrifugally cast guns. In cases where 
such removal is done, as in centrifugally cast guns, 
centrifugally cast tubes are capable of giving high- 
quality metal. 

An efTort to produce a duplex metal casting of 
steel within copper, for the purpose of conserving 
copper in driving bands for shells, proved unsuc- 
ccssful.m The steel solidifies first and undergoes its 
normal shrinkage while the surrounding copper is 
still molten along the interface. Centrifugal force 
then acts to separate the two metals rather than to 

bring them together. Duplex driving bands arc dis- 
cussed also in Chapter 5 of this report. 

The progress reports cited in the foregoing give 
all details of the investigation while the final re- 
port'1-7 summarizes the work. 

1.2.6 Gommetcia! Application of the 
Process 

Correlation Project NRC-filA, Experimental Pro- 
duction of Pilot Static and Centrifugal Castings for 
the Armed Services, which was financed and con- 
ducted by the American Brake Shoe Company under 
the general supervision of the War Metallurgy 
Committee, was a study of the application of the 
centrifugal casting process to the manufacture of 
composite grinding rolls.'1-'* In this investigation, 
techniques were developed, much operation data 
were obtained, and practices were recommended. 
Also studied under this project were the differences 
in the fluidity of various commercial grades of heat- 
resisting alloys. An improved method was developed 
for evaluating Huidity by the cast spiral technique.82" 

7.a PRECISION CASTING 

As a result of a number of informal suggestions 
from the Armed Services and the War Production 
Board as to the need for a general and rather elemen- 
tary review of the field of precision casting of metals, 
the War Metallurgy Committee carried out Survey 
Project SP-14, Centrifugal and Precision Casting of 
Nonferrous Alloys. The report on this project880 

described the various methods of casting metalr ind 
was intended for those having little or no expe ce 
in the field of precision casting, who might be u 0jd 
to consider the production of such castings to ease 
the demand on forging and machining facilities. 
The portions of this report relating specifically to 
the so-called lost wax precision casting process were 
duplicated by OPRI) and widely distributed to in- 
dustrial concerns. 

The above-described survey indicated the desira- 
bility of further study of precision casting methods 
so that they could be applied to the production of 
war materiel, such as intricate parts for artillery and 
small arms firing mechanisms, parts for breech mech- 
anisms, rocket nozzles, and other urgently needed 
parts made from commercial structural steels ur- 

/ 
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i:riiih needed, but die production of which was 
hampired by ihe lack of machine tiMi! capacity and 
tfte need for an excessive amount of hand work. The 
lirechion casting process also held promise for the 
production of alloy metal parts from materials not 
forgcable or machinable. Project NRC-69. Develop- 
ment and Extension of Precision Casting Methods 
for I'rodiiclion of Miscellaneous War Materiel Item», 
was estabHshed in the research laboratories of the 
General Electric Company because that company 
was one of the pioneers in the field of precision cast- 
ing. Subsecjucndy, the Army Ordnance Department 
assumed the sponsorship of the project under con- 
trol number OD-IM. 

Dentists and jewelers have long been accustcnied 
to making small castings of precious metals to very 
precise dimensions. A model is made in wax, coated 
with a ivash that will give- a smooth surface on the 
final casting, and "invested" in a refractory material. 
The wax is melted out, and the metal cast into the 
»pace formerly occupied by the wax. This is the so- 
called lost wax process which had been used by the 
ancient Greeks in making statuary. 

The dentist uses this method not because! his alloys 
could not be formed in other ways, but merely be- 
cause it is the simplest way of mal i ng just one object 
of particular dimensions and contour. However, the 
process also serves for production of repetition cast- 
ings, veiy close to si«.-, of alloys that < annot be forged 
or muuhini J, and which would be difficult to cast to 
required dimensional tolerance by more common 
foundry methods. It will produce, with even better 
dimensional certainty than die casting, castings from 
alloys of such high melting point that they cannot 
be die cast. It has been especially valuable in the 
production of supercharger buckets from special 
heat-resisting alloys, difficult or impossible to forge 
or machine. 

In pr>xluciifHi of such parts by the millions, in- 
stead of modeling die wax pattern for each casting 
as is done when only one casting is to be inside, many- 
wax iMttcrns, exact duplhates of each other, have to 
be prepared. Hence, a utaMer pattern is constructed 
ami from this a mold of soft, low-melting alloy is 
made. Into this mold is forced a suitable wax, using 
injection molding methods, such as are employed in 
molding plastics. 

One or more of the wax patterns so made, coated 
with % fme-grained precoat.are surrounded with a suit- 
able refractory slurry, which sets up to a hard mass. 

The wax is then melted out, the mold suitably pre- 
heated.and the metal tobe cast {mured into the moid, 
sometimes being forced in by air pressure, sometimes 
centrifugally as in common dental practice. 

While these steps sound simple, it should be noted 
that (1) the wax pattern is warm and expanded when 
formed, but cold when surrounded with investment, 
and (2) the refractory mold expands when heated, 
and the final casting contracts on cooling. All tht-se 
thermal dimensional changes have to be allowed for, 
each material used in the sequence of operations 
must be suitably chosen, and the gating of the wax 
pattern must be so designed that the wax will melt 
out cleanly and the casting be properly fed so as to be 
sound. Thus, many important steps have to be worked 
out for each particular case. Once they are worked 
out, castings can be produced with marvelous pre- 
cision of dimensions, often requiring no finishing 
other than removing gates, and perhaps buffing. 

Obviously, the difficulties increase as the size of 
the piece increases. Small turbine blades of alloys 
difficult to form by other methods and several small 
gun parts of ordinary steels requiring very close di- 
mensions and costly machining account for much 
of the production. Under either of these conditions 
the process is economical, although it would seldom 
be economical for parts easily made by other proc- 
esses or not requiring extreme closeness of dimen- 
sions. Somewhat analogous medsods, using plaster 
molds, are used for certain brass or aluminum cast- 
ings, in which high, but not extreme, dimensional 
precision is required. 

Each object to be made by precision casting is a 
problem in itself and has to be studied as such. Part 
I of the iinal report on the project331 describes in 
rather general terms the fundamentals of the proc- 
ess and the various steps used in precision casting, 
particularly in the casting of ferrous and higher 
melting nonferrous alloys. Some of the parts made 
were cast rocket jets, cast gun parts, and escort vessel 
turbine valves. The General Electric Company also 
instructed personnel of several commercial concerns 
and governmental agencies in the art of making pre- 
cision castings. Part II of the final report-3 «^iefly 
describes the achievements of the organizations thai 
were instructed in precision casting methods through 
the activities of the project. The experience of 
Watt Het Arsenal in making precision-cast gun 
parts is reviewed and the cost data indicative of the 
savings affected through the use of the process are 
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given. It is noteworthy that the precision-cast gui) 
parts not only had properties equal or superior to 
those manufactured by conventional machining or 
forging operations, but also were manufactured at 
a considerably lower cost. For example, a trigger of 
SAE 3-1 If) steel costs .?8.33 when made by machining 
methods and but $1.63 when made by precision cast- 
ing methods and finished. Other comparisons were 
less striking, but in all examples cited the saving 
amounted to more than 30 per cent. 

Part II of the final report333 on Project NRC-61A, 
Experimental Production of Pilot Static and Cen- 
trifugal Castings for the Armed Services, gives a 
realistic and detailed account of the difficulties met, 
of how some were overcome, and of the logical steps 
for overcoming the others, in making gas turbine 
diaphragms by a modification of the precision cast- 
ing method. This report gives considerable insight 
into the process and is commended to those who are 
concerned with the production of large, heavy, and 
intricate castings. 

7.4 REFRACTORIES 

Investigation of two refractory problems was un- 
dertaken by the former Division B, NDRC, at the 
request of Watcrtown Arsenal. These problems in- 
volved the development of a substitute for sillima- 
nite and studies of pouring box refractories. The 
projects were established prior to the outbreak of 
World War II and their supervision was transferred 
from Division B, NDRC, to the Metallurgical Ad- 
visory Committee of the National Research Council 
(later the War Metallurgy Committee) in March 
1942. The work was completed shortly thereafter. 

Steel Foundry Piactice, was conducted by the Massa- 
chusetts Institute of Technology. The objective of 
the investigation was to develop a substitute for 
sillimatiite, or Indian kyanite, because of their scar- 
city due to unsettled world conditions. It was found 
that a kaolin grog-clay-sodium silicate mixture, all 
domestic materials, was a suitable substitute refrac- 
tory for pouring rings, although there was no assur- 
ance that the mixture would be suitable for other 
refractory purposes. The mixture was proved satis- 
factory in ramming and casting operations at Water- 
town Arsenai.884'338 In addition to this develop- 
ment, a mold was designed for the mechanical 
pressing of the pouring rings. Trials made using (his 
method indicated that a large amount of time and 
labor could be saved in molding as well as accom- 
plishing considerable improvement in the quality 
of the finished pouring riiigs.'l;,:' 

1.4.2 Pouring Box Refractories 

7.4.1 Substitute £©r Sillaxanite 

Project B-95 (t>o-35-2), Development, of Substitute 
for Sillimanite in Pouring Rings Used in Special 

Project B-103 (OD-35-1), Acceptance Test for Fire- 
brick: Pouring Box Refractories, was carried out by 
Ohio State University. The objective of this investi- 
gation was to develop a rapid acceptance test method 
for fire clay brick to be used at Watertown Arsenal 
in pouring boxes for handling molten steel where 
the brick must endure high thermal shock. Under 
the project a simple slag penetration test was devel- 
oped. This involved studies of the properties of the 
refractories used, the design, construction, and opera- 
tion of a slag test furnace, and the correlation of 
the lest results with the experience of Watertown 
Arsenal in the behavior of the various refractories 
used. The work was done with the active cooperation 
of Watertown Arsenal and sufficient data were ob- 
tained for the preparation of specifications for pour- 
ing box refractories.830'1'37 
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Chapter 8 

E^:AMINATION OF ENEMY MATERIEL 

;• 

i 

' 

Tin: tust .'.tu ü :iiui ilcvolopincnt program ol the 
Arna-d Services required an imimatc knowledge 

of enemy mauJriel. Early in World War II the War 
and Navy Departments organi/ed spcciallzcil groups 
to study captured equipment in the field and to 
seam; representative samplci for more complete ex- 
aKUnaiton in this tcuntry., Col!e«:tion «enters were 
established at Aberdeen Proving Ground by the 
Office c»f the Chief of Ordnance. War Department, 
and later at Anacostia by the Office of the Chief of 
Navr! Operations, Navy Department. Equipment 
was tested functionally at these renters or sent to 
the service laboratories or the arsenals for more 
complete examination. 

After functional tests were completed, it was fre- 
quently desired to know more about the materials 
and manufacturing methods used by the enemy than 
could be secured conveniently by the service labora- 
tories. It was recognized that civilian research lab- 
or.itories and civilian metallurgists, chemists, and 
engineer» who had broad familiarity with pnsduc- 
lion methods could be used to advantage to supple- 
ment the service organisations in securing the de- 
tailed informanon needed to establish trends in 
(leveloptneni projects and in the use of materials. 

This tyj>e of information was also needed by the 
Board of Eamomic Warfare to follow the economic 
Upecti of the (hanging material» situations in the 
enemy countries. 

Accordingly, after consultation with the Army 
Ordnance Department, the Board of Economic 
Warfare (later the Foreign Economic Administra- 
tion), members of the War Metallurgy Committee, 
and investigators of the Division 18 projects on 
armor plate, gun steels, and other materials of war, 
it M-as recommended that a project be established 
for the examination of enemy materiel as part of the 
research program of Division 18 

The project was established at liattelie Memorial 
Institute as Project NRC-S2 in September IJM2. Sub- 
sequently, the Army Ordnance Department, the 
Army Air Forces, and the Navy Department en- 
doiHrd the project through channels assigning their 
control numbers OD-I IS, AC-77. and N-l 19. respec- 
lively. A project committee was appointed by the 

War Metallurgy Committee to advise in the selec- 
tion and examination of materiel. 

Items of captured materiel were selected by the 
project committee to provide information for Divi- 
sion 18 NDRC research projects as well as the War 
and Navy Departments, the Foreign Economic Ad- 
ministration, and the Office of Strategic Services. 
Most of the selections were made after consultation 
with the interested branch of the Armed Services, 
while some of the items were selected by the Services 
and ship|)ed to Battelle Memorial Institute for ex- 
amination. 

The project was organized to use the specialized 
knowledge and facilities of the various laboratories 
and industries anywhere in this country as might be 
indicated by the particular item under study." 

The purposes of the project were, first, to find 
whether the enemies had improved compositions or 
fabrication practices ami second, to note the progrers 
of the conservation measures they adopted to combat 
raw mnierial shortages. 

The work dovetailed into that of the Armed Serv- 
ices and of the British. At the beginning it was 
chiefly on German projectiles and small arms with- 
out much attention to German aircraft, since the 
British were reporting on that. Later, some large 
German gun» were studied. As Japanese materiel 
became available, the proportion of spechrens of 
Japanese origin sent in by the Services increased. 
Japanese airframes and aircraft engines came in in 
considerable number... Aircraft instruments from 
both Japanese and German planes were also sup- 
plied. Periodic trips were made to collection centers 
to select informative specimens. When possible, se- 
lections of materiel for examination were made of 
chronological series of items to show changes indi- 

«Or^ant/aiinns uorkin^ on this project inducted: 
Aluminum Coinjwny of Amerka, Ik-miix Aviation Corpora- 

lion SdnifSIa Division. Rctuiix Aviytson Corporation Eclipse 
Aviation Divhion. Bethlchrm Steel Corporation, Chrysler 
Corporation. Ethyl Corporation. Forest I'roclucts laboratory. 
Cencral Motors Corporation. Cooclycar Tire and Rulilier 
Company, Indiana Steel Products Company. The Massachusetts 
Institute of Technology. Mellon Institute. National Cash 
Uegister Company. The New Jcncy Zinc Company, V. L. 
Smithm Laboratorie*. A. O. Smith Corporation. John A. 
Rocl)lir.K Sons Company, Rome Cable Corporation, Wallace 
Barnes Company, Western Cartridge Company, and Wyman 
(■onion Company. 
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eating material shortages as well as possible trends 
in development. 

The .Services first examined the available materiel 
for its functioning and behavior before turning it 
over for study of material and fabrication, unless 
plenty of duplicates were available. Some articles of 
prime and immediate interest were at once exam- 
ined as to material by the Services. The role of this 
project was to supplement such examinations and 
(ill in gaps, so that a chronological history of enemy 
materials and fabrication practices might be built 
up, insofar as materiel of known dates of manufac- 
ture were at hand. 

It was not expected that much of a startling nature 
or many striking inn' • tns would turn up, for 
metallurgical practice is necessarily pretty much 
alike the world over, but it was considered necessary 
to watch for any such cases that might occur. Few 
cases were met where the enemy appeared to have 
anything different and worth copying. These were 
promptly followed up by the Services. 

On the whole, the picture showed adoption by the 
Germans o( chromium and manganese steels for 
heat-treated parts of heavy sectiens for vital service, 
with every possible economy in use of nickel. This 
development reflected the German supply problem 
and underlined the correctness of the program of 
strategic bombing and diplomatic and economic ac- 
tion to pinch off the supplies of chromium and man- 
ganese. The German shortage of copper also was 
very apparent. 

As the war went on, the German products showed 
somewhat increased use of free-machining steels and 
labor-saving practices, though assemblies that would 
here be made from stampings by copper brazing or 
welding %vere still made by more laborious methods, 
and the application of free-machining steels was still 
astonishingly small. 

German foundry practice, on bosh steel and alu- 
minum alloys, was evidenced to be excellent. Ma- 
chine work as to tolerances and finish was uniformly 
good. In genera!, the German implements of warfare 
were made from available materials so chosen and 
so processed that the implements were effective for 
their purposes. German technology produced reli- 
able planes, guns, projectiles, and armor. Where 
their practice deviated from ours, it was usually 
with a purpose. Their armor welding was poor by 
our standards, but their tank design did not depend 
so much on the integrity of the weld as does ours. 

They made more consistent use of steel cartridge 
cases than we, being forced to this by the copper 
shortage. Their use of porous iron driving bands, 
probably motivated at first by the copper shortage, 
was probably accelerated by an even more satisfac- 
tory performance of the bands than they expected. 

These bands are very brittle by ordinary tests but 
do not act brittle under the stresses imposed on them 
in service. The porous iron band deserves more at- 
tention than it has had here, especially from the 
point of view of duplicating the porosity and not 
trying to make a band of the greatest possible solid- 
ity. The Germans used some solid, soft iron bands 
but soon found the porous band preferable. 

The Japanese products showed little variance from 
the old, established prewar choices of materials. 
Probably because of the availability of Chinese tung- 
sten, some of their heat-treated steels utilized tung- 
sten as an alloying element, but in general their 
choice of materials reflected German practice of 
about 1930 and even went beyond it in lavish use 
of nickel. 

In some cases the materials and processing were 
exact duplicates of those used in German or Ameri- 
can products which they were copying as to design. 

The raw materials classed as strategic or critical 
in the United States and even more in Germany were 
used by the Japanese without stint, so lavishly as to 
suggest that huge stock piles of raw materials and 
alloying elements, especially copper and nickel, had 
been accumulated and were being drawn upon with- 
out thought of conservation. In a few instances of 
late 1943 or 1944 manufacture, aircraft engine parts, 
previously high in nickel, were of low nickel or 
nickel-free steels with chromium and manganese as 
alloys, but this may as well have been the copying of 
late German practice as motivated by conservation 
requirements. 

Rarely was metallurgical initiative shown, though 
the use of the strong aluminum-magnesium-zinc al- 
loys in fighter planes was an innovation adopted on 
their own initiative. 

Japanese products were often made with a vast 
deal of handwork and by roundabout methods, not 
because they did not know better mediods, since 
some parts are made in up-to-date fashion, but evi- 
dently for lack of processing equipment for rapid, 
large-scale production. Despite this, the workman- 
ship, though seldom up to the German standard, is 
fair and generally adequate for the purpose in hand. 

■' 
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Sonic very |«Mtr ball bcaiing* of Japanese make were 
found, made of the conventional stech but -iloppily 
heat treated, probably becatue of poor equipment 
and inadequate inspection. 

On the whole, however, the Japanese implements 
of warfare were of good, usable quality. The Japanese 
bottleneik was more probably in iron for tonnage 
steel rather than in alloying elements. The tonnage 
steel, and even most of the alloy steels, carry residual 
elements, indicating wide use of scrap metal that 
would ordinarily be considered inferior, and un- 
doubtedly much of the second grade scrap that was 
sold to japan during the appeasement period en- 
tered into implements of warfare for use against us. 

Neither the Germans nor the Japanese went far 
toward consurvation of steel alloying elements by 
considered use of the content of such elements found 
in scrap as we did in the National Emergency steels. 

The German scrap situation did not lend itself to 
such a solution as well as docs American scrap. Japa- 
nese scrap could have licen somewhat more readily 
adapted. In only one case, that of a torsion bar for 
a Panier taruk, was boron used to enhance harden- 
ability, and that was late in the war. 

This project, which covered the examination of 
7!M individual samples or shipments of diverse na- 

ture, has been reported in 215 topical reiKirts,338 :'M 

not many of which are interconnected. A list of the 
titles of these reports as well as a subject index of 
the items examined are given in the final report"4 

on the project ant: should be inspected when details 
are sought. 

A general summary of the earlier examinations, 
correlaied with published British reports, was pub- 
lished.n5!S These examinations related chiefly to guns, 
ammunition, and aircraft, and give a picture of 
German and Japanese war metallurgy very similar 
to that reported from a study of automotive equip- 
ment.r,'w 

An Ser project dealing with enemy materials 
rather than materiel was Survey Project SP-6, Ab- 
stract of a Confidential Report on Nickel in Japan. 
This project was carried out by the War Metallurgy 
Committee as a result of a request directed to NDRC 
by the Tar Eastern Branch, Military Intelügencc 
Division G-2, War Department General Staff in 
April 1942. Under this project a voluminous docu- 
ment was abstracted.1-"''7 Although the document 
contained no useful information on new alloys or 
substitutes for nickel steels, it did yield information 
as to possible bombing objectives to bottleneck Japa- 
nese production of nickel. 

I 
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Chapter 9 

S MATERIALS FOR 

9« INTRODUCTION 

UNDER the dassification of miscellaneous materials 
for war are grouped a number of investigations 

relating to studies of materials used in miscellaneous 
instrumentalities of warfare that were not integral 
parts of the programs described in the foregoing 
chapters. Although some of these investigations arc 
mentioned in other sections of this suHü^f in in- 
stances where phases of the work had direct bearing 
on the program of that section, the references there 
cited covered only the phases of the program being 
discussed. 

9-S MATERIALS FOR QUARTERMASTER'S 
SUPPLIES 

Several problems were presented by the Office of 
the Quartennaster General for study by NDRC. 
These comprised the development of fused inorganic 
coatings for cooking utensils, investigations of plated 
steel flatware for military use, general metallurgical 
studies of quartermaster's supplies including meth- 
ods of camouflaging mess gear, and the evaluation of 
the corrosion-resisting properties of an alloy that 
had been suggested for use in quartermaster's items. 

9•2•, Fused Coatings for Cooking Utensils 
and Other Quartermaster's Supplies 

Project NRC-46 (QMC-18). Development of a Suit- 
able and Noncritical Fused Inorganic Coating for 
Cooking Utensils and Other Quartermaster's Items, 
was established in the laboratories of the Ferro 
Enamel Corporation. The program originally formu- 
lated comprised investigations which might lead to 
the development of fused inorganic coatings for steel 
canteens and cooking utensils, studies of the possible 
UM; of combinations of fused inorganic coatings and 
metallic coatings for the edges and corners of the 
articles, and the gathering of data from which recom- 
mendations could be drawn for establishing satisfac- 
tory specifications. The Quartermaster Corps desired, 
as quickly as possible, coatings that would be capable 

of withstanding rough usage and would be nonre- 
llcctive, nontoxk, and adaptable »o catnouflagc. 

Before the project was completed, the metal supply 
situation changed and stainless steel and later alumi- 
num became available for canteens. As a result, the 
aim of the project was changed and the work was 
concentrated on the development of coatings for 
such quartermaster's articles as spark arresters, tent 
hardware, stoves, stovepipes, and cooking utensils. 
Not only were a number of coatings develojM-'d, 
but also trials were made of commercially available 
coatings.5'''8 

Two developments made under the project are 
noteworthy, and it is understood that, in part at 
least, they have been adopted by the Office of the 
Quartermaster General. One is a cemented inorganic 
coating applied at low temperatures (under 500 F). 
Tht oilier comprises applying a so-called slag coating 
and then over it a thin matte finish of vitreous 
enamel. This coating combines corrosion and erosion 
resistance, and, as it has a matte finish, glare is absent. 
In addition, objects can be finished in olive drab or 
camouflage colors. Samples of the more promising 
coatings were supplied to the Army and Navy liaison 
representatives for the project as well r... to the Con- 
servation Division, War Production Board. The 
Military Planning Division of the Office of the Quar- 
termaster General sent a set of these samples to the 
National Bureau of Standards for evaluation. Infor- 
mation as to the results of these tests and the extent 
of the adoption of the coatings developed is not 
available. 

Ü.2.2 Flatware for Army Use 

In 1941, the necessity for diverting copper, nickel, 
zinc, and chromium to the most essential military 
uses led to the substitution of plain carbon steel for 
nickel-silver and stainless steel in flatware procure- 
ment by the Armed Services. The specifications issued 
at that time, RR-T-56, provided for plating or coat- 
ing steel with tin, nickel, chromium, or silver accord- 
ing to accepted commercial practice, with the usual 
undercoatings of different metals. Subsequently, an 
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cinctgt'iK\   »iMxificatiun,   K-RR'l •'><»,   was   issuctl 
limiting appmved coatings to silver directly on steel. 
It «K)EI became dci' that flatware made by plating 
silver on MCV\ was not o{ the anticipated quality. 
Although early «iifi» ultu-, from {weiing and blister- 
ing of the coatings were overt nine, the susceptibility 
of the ware to staining by rust was seriously objec- 
tionable. In 1942, the Conservation Branch. Produc- 
tion Division, Headquarters, Services of Supply, War 
Department, requested the War Metallurgy Com- 
mittee to make a study of plating silver directly on 
stu'I, A committee was appointed and Survey Project 
SP-IJ, Silver Plating of Steel Flatware, was estab- 
lished. The committee consulted with Ratware manu- 
facturers as well as with representatives from the 
Armed Services and the War Production Board. A 
comprehensive report on the situation was issued558 

and. as there was no known method for fabricating 
silver-plated steel flatware that would not eventually 
rust in service comparable to that required by the 
Armed Forces, a research program was recommended. 
As the result of this report, the Office of the Quarter- 
master General requested that NDRC undertake- 
in vest iga lions under the control number QMC-21. 
Project NROtSi Flatware for Army Use, was estab- 
lished at the Reed and Barton Corporation for the 
purpose of having flatware made by various pro- 
cedures fur service testing. The contract for the 
manufacture of this flatware was virtually a procure- 
ment contract and the committee for Survey Project 
SP-11 provided the procedures, drew up a test pro- 
gram, and evaluated the results. This committee 
included liaison with the Army and Navy, the War 
Production  Board, and  the National  Bureau of 
Standards, «bus knitting together the several investi- 
gations being carried out on the subject. The objec- 
tive of this project was to investigate the use of the 
less strategic metals, for example, silver alloys, other 
metals and alloys, and composite coatings for the 
protection of steel flatware from rusting in service, 
ami l«» coordinate tests and dats from the several 
government agencies imercsted in the subject. 

lots of apptoximatdy 500 pieces of each of thirty- 
five ty|irs of mild steel forks plated with clcctrcN 
deposited coatings of silver, chromium, and com- 
fxnite roniings of these metals with copper and nickel 
were prepared under the supervision of a member of 
the committee. Samples of each type were examined 
by the National Bureau of Standards and a number 
oj pieces from each lot were subjected to test in the 

mess halls of Camp Lee, Virginia. These tests were 
conducted by the Quartermaster Board and were 
examined weekly by observers. The unserviceable 
forks were withdrawn from the test and returned to 
the chairman of the committee. 

Part I of the final report580 on Survey Project 
SP-II (QMC-21) gives the results of one full year of 
field service tests. Part ll''"1 covers the results of the 
service tests beyond 368 days to a total of 599 days. 
Appended to this report are reports from the Na- 
tional Bureau of Standards, and the Quartcrmastei 
Board on the parts they played in this cooperative 
effort. A report of the U. S. Naval Engineering F.x- 
pcriment Station also is appended to bring together 
all the significant reports on the testing of flatware 
for military use. 

As a result of this investigation, the committee 
made recommendations as a guide in the preparation 
of specifications and in the supervision of the manu- 
facture of plated steel flatware for military mess hall 
use. 

0.2,.'! Genera! Metallurgical Studies 

In February 1948, the Research and Development 
Branch, Military Planning Division, Office of the 
Quartermaster General, requested the War Metal- 
lurgy Committee to initiate a project to deal with 
miscellaneous metallurgical problems relating to 
quartermaster's supplies. As a result of this request. 
Project NRC-M, Metallurgical Studies and Surveys 
of Army Quartermaster Corps Supplies, was estab- 
lished at the Massachusetts Institute of Technology. 
Work on this project did not involve extended re- 
search programs but consist«! of the study of many 
isolated problems, some of which required incidental 
experimental work for their solution. These prob- 
lems changed constantly because of the changing 
needs of the Armed Forces and also because of the 
constantly changing availability of certain metals 
which had been found satisfactory but for which sub- 
stitution had to IM! made in the emergency. The 
investigator worked closely with the Office of the 
Quartermaster General and in particular with the 
Boston Quartermaster Depot. 

The final report on the project54* is topical and 
fragmentary as in most instances the urgency of the 
need made it impossible to follow through to a 
wholly satisfactory conclusion. Generally speaking, 
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the problems were concerned with metals used in 
any form of quartermaster's supplies from shoe eye- 
lets to gasoline containers. Experimental work and 
consultations covered mountain and ice equipment 
such as ski binders: rock pitons, and ice pitons: cook- 
ing and messing equipment; and miscellaneous items 
such as small tools, shoe eyelets and hooks, toe and 
heel plates, pails, and refuse cans. 

9.2.4 Camouflage of Mess Gear 

Another phase of the foregoing investigation was 
the study of the camouflage of mess gear (QMC-2.rj). 
In the Southwest Pacific Theater, there was a need 
for a surface which would be nonreflccting and at 
the same time would withstand severe shock and ex- 
posure to high temperatures, even to flame tempera- 
tures. A series of experiments led to the preparation 
of a number of canteens coated by a metal spray proc- 
ess. These canteens had a dull surface and various 
colors could be produced by variations in the metal 
powder compositions.''*1- As far as could be deter- 
mined by rough tests, these coatings were satisfactory. 
Their resistance to impact, abrasion, and heat, as 
well as their toxicity, was determined by the Na- 
tional Bureau of Standards. Information as to the 
results of these tests and the extent of the adoption 
of the process, if adopted at all, is not available. 

9•2•3 Evaluation of the Corrosion Resistance 
of a Special Alloy Steel 

At the request of the Office of the Quartermaster 
General, Project NRC-91 (QMC-39), Development 
and Evaluation of an Economical Corrosion Re- 
sisting Alloy for Quartermaster Items, was estab- 
lished at Batti.lie Memorial Institute. The objective 
of this project was to evaluate the corrosion resistance 
of Alcuphos, a special alloy steel developed at the 
Jcffcrsonville Depot, to determine its suitability for 
possible ur.e in flatware. It was believed that this 
alloy had coirosion-resisting properties which would 
be of value in tropical areas. The corrosion tests per- 
formed on Alcuphos with mild steel, stainless steel, 
and an aluminum alloy for comparison, comprised 
tropical humidity tests, salt-spray tests, industrial at- 
mosphere tests, and spot tests with s« •'■ted foods. 
These tests demonstrated, in ever) am e suscepti- 
bility of Alcuphos to corrosive attack. In some cases, 

the test suggested that Alcuphos is less resistant than 
mild steel. Both stainless steel and the aluminum 
alloy showed excellent resistance to the several corro- 
sive environments.5"" Therefore, the project was 
abandoned. 

9J 

9.S.I 

PROPERTIES OF MISCELLANEOUS 
MATERIALS 

Low-Temperature Properties 
of Metals 

In August HMO, the Office of the Quartermaster 
General  requested  NDRG  to study the physical 
changes occurring in metals and other materials 
under extreme cold conditions as these changes pre- 
cluded thesimple adaptation of conventional designs 
and materials used in standard production motor 
vehicles. This information was desired in the devel- 
opment of motorized transport equipment for Army 
use in arctic climates. Action on esiablishinga project 
was delayed until the problem could be discussed 
with Watertown Arsenal. As a result of this confer- 
ence, the Metallurgy Section of the former Division B 
of NDRC recommended that a thorough study of all 
available data be made before the formulation of a 
definite research program. In March 1941, Project 
B-89, Literature Survey on the Low-Temperature 
Properties of Metals, was established at the Univer- 
sity of Michigan by the former Division B of NDRC. 
The final report on this project comprises seven 
volumes and covers the information available at that 
time on the low-temperature properties of metals 
and alloys, both ferrous and nonferrous. Each major 
group is divided into subgroups, according to alloy 
tyfjes.'"1«4 

The eflcct of low temperatures on the cleavage frac- 
ture of ship plate is discussed in Chapter 6 of this 
summary report. It is noteworthy also (hat studies of 
the behavior of ferritic steels at. low temperatures 
were the subject of an investigation curried out for 
the Office of Production Research and Development 
of WPB under the supervision of the War Mctnilurgy 
Gommittee.3 

9•!,■^   Behavior of Metith umhr Dynamic 
Gonolitani 

Prior to 1942, the mtiijv „ die heliHVJoi of metals 
under dynamir ("''.«IMIOIH Wii» loiucrned princl- 
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|>ally with the aiMCinbty of data irorn ttotchrd bar im- 
pact tcsis. There Itatl been some activity toward 
ohtainitig information on the performance of metals 
in tension impart. In spile of the abundance of dat», 
there W»H not a dear fundamental utidersianding of 
the condiliom involved in impact loading except in 
the ca.se of elastic bchaviur. It was well rccogni/ed 
that elastic strains were propagated in bar» with the 
velocity of sound, but when plastic strain was in- 
volved the behavior of the bar could not be inter- 
preted. If materials were to be subjected to impact 
loading and tested in that manner to destruction, it 
was necessary to be able to interpret the results in a 
inaniKT that would have significance in practical 
applications, 

For some time engineers have believed that many 
machine parts and structures are subject to impact 
loading, and, furthermore, they have observed that 
the performance of some materials when subjected 
to dynamic loading is different from that experi- 
enced under static conditions. To explain these dif- 
ferences, a fundamental concept must be established. 
By the development of this fundamental concept, it 
was hoped that a basic understanding of the dynamic 
performance of metals not only under impact, but 
alao under high strain rate and rapid loading condi- 
tions. couUl IK: obtained. 

In March 1942, the former Division A of NDRC 
established a project at California Institute of Tech- 
nology to undertake experimental and theoretical 
investigations, fur various high rates of strain, of the 
propagation of plastic deformation in wires, bars, 
and beams under conditions in which end effects 
could be neglected. It was believed that the theory 
proptised by von fUrmtln988 and partially confirmed 
in earlier work under Division A,Mn would be useful 
in connection with the understanding of the mecha- 
nism of projectile impact and penetration. Work on 
this problem was informally requested of Division A 
by the Naval Proving Ground tend endorsed by the 
NDRC ad hoc Armor Committee.™ It was requested 
also by the Kureau of Ordnance, Navy Department, 
under their control nunil>er of NO-I I. Subsequentlv, 
the Bureau of Ships, Navy Department, requested, 
under their control number NS-109, work relating 
to the behavior of ship huilding materials at high 
rates of loading to provit.c basic data for use in the 
design of muciures subjected to shock loading. The 
project was of interest also to the Corps of Engineers 
under their control numbers CE-5 and CE-fi. 

With the reorganization of NDRC, the supervi- 
sion of the project was transferred from the former 
Division A to Division 2. In January 194*1 the project 
was transferred from Division 2 to Division 18 and 
continued as Project NRC-82 (NS-109), Behavior of 
Metals under Dynamic Conditions. At that time, the 
program was revised to emphasize topics which held 
promise of being of most immediate value to the war 
effort. These comprised studies of impact loading on 
aircraft tnatci ials, gun steels, and ship plate. 

According to the von Kiirmän theory of the 
propagation of plastic deformation in solids, the 
velocity of propagation of a plastic strain is less than 
that of an elastic strain: the velocity of propagation 
of this plastic strain decreases with increasing strain 
when the slope of the stress-strain diagrams decreases 
continuously; and plastic strain will increase with 
increasing velocity. When this theory is applied to 
the case of a long prismatic bar put suddenly into 
motion with a constant velocity, if the impact velocity 
is sufficient to roducc a strain corresponding to the 
ultimate strength of the material in the bar, necking 
or rupture will occur at the moving end of the bar 
without causing very large plastic deformation 
further along the bar. The impact at which this oc- 
curs is termed the critical velocity. 

The principles of this theory were verified in a 
preliminary manner by Duwez566 from impact tests 
with long '.vires. Later tests with short specimens 
verified the existence of a critical velocity.•',,•17 The 
computation of the critical velocity is based upon the 
static stress-strain diagram. The agreement between 
the experimental and computed critical velocity is 
not too close in all cases. However, data has been 
presented in these investigations to show that the 
dynamic stsess-strain diagram is higher in some mate- 
rials than the static diagram. 

Further theoretical work'"'8 was carried on to t;;ke 
into account the reflection of plastic strain waves at 
the end of a bar of finite length. The effect of release 
of the impact load on the performance of bars has 
been considered. A graphical method of analysis was 
developed which is carried through in a more exten- 
sive manner in a gt-neral report.f,'1,, These methods 
of analysis make it possible to establisS the stress- 
time relations in a member subjected la tensile im- 
pact. 

It has been found that the simple theory of plastic 
strain propagation cannot \K applied to materials 
for which the stress-strain diagram shows a yield 
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point. In the interest of this problem a preliminary 
study was made of the mechanism of the progression 
of plastic yielding."" While the results of this study 
did not provide a means of taking care of yielding in 
the strain propagation theory, it gave some signifi- 
cant information. It appears that in the usual static 
tensile test, yielding progresses in jumps and the 
strain associated with these jumps is the strain cor- 
responding to the end of yield on the static stress- 
strain diagram. Actually the strain at yield, whether 
static or dynamic, is not less than the strain at the 
end of yield when considered over a small increment 
of the gage length. 

It is natural to question the validity of the theory 
of plastic strain propagation for compression load- 
ing. An investigation''71 was made, and it was found 
that the theory holds whenever the compression 
stress-strain diagram is concave downward. Tests 
were made with steel and lead. With the latter mate- 
rial it was shown that the concept of a critical velocity 
holds for the case of compression.The critical velocity 
for the steel is greater than the impact velocity at- 
tainable with equipment at hand. 

Although the experimental work has shown cer- 
tain discrepancies with respect to theory, it is to be 
remembered that the theory is based upon ideal con- 
ditions involving perfect impact by a rigid body. 
Also, the theoretical computations are based upon 
the static stress-strain diagram. The experimental 
work has given definite evidence to the effect that the 
stress-strain diagram under dynamic conditions is 
higher than under static conditions. 

INFLUENCE OF IMPACT VELOCITY ON TENSILE 

PROPERTIES 

While the tensile impact tests on long wires were 
directed toward verification of the theory of the 
propagation of plastic strain, tests were made on 
specimens with a gage length of 8 in. These speci- 
mens were carried to failure and the force-time rela- 
tions were determined. This provided data on the 
influence of impact velocity on the ultimate strength, 
percentage of elongation, percentage of reduction of 
area, and energy required to rupture. More exten- 
sive tests on long wires were made followed by tests 
on 8-in. specimens in the first part of these investiga- 
tions/'"7 While the tests on the short specimen;! pro- 
vided information on specific metals, they also proved 
the existence of a critical velocity. 

Some testsr'7:! were directed toward a comparison 

between the experimental and theoretical strain dis- 
tribution curves. The method of computing the re- 
flection and stopping of plastic waves was shown to 
be substantially correct. 

One may well be concerned with the effect of the 
dimensions on the results of impact tests. Such an 
investigation was made.r,7;ir'74 In one scries of ex- 
periments an investigation was made of the behavior 
of long specimens of a material which exhibits yield- 
ing where it was shown that the velocity of propaga- 
tion is a multivalued function and the strain dis- 
tribution differs from that computed by the theory. 
It was also shown that such a material can sustain a 
stress approximately three times the static yield point 
without the occurrence of plastic strain, provided the 
duration of the application of load is short. Other 
tests were made to determine the influence of gage 
length on the results of tensile impact tests. It was 
found that the critical velocity was not affected by 
the gage length. However, the gage length must be 
less than 4 in, to show the critical, velocity clearly. 

Another investigationr'7r, was made to study the 
influence of general specimen dimensions and shape 
on the results of the tensile impact tests. From these 
tests it was apparent that if the ratio of length to 
diameter was greater than 13, the results were not 
altered. Furthermore, the shape of the specimen 
within the range considered had no effect on the test 
results. The accuracy of tensile impact test results 
has been studied in some detail.n7U The experimental 
error in so far as energy measurements are concerned 
is not more than plus or minus 10 per cent. 

Tests were made on a rather large number of fer- 
rous and nonferrous metals and alloys in the de- 
termination of the influence of impact velocity upon 
the tensile properties of these materials. Investiga- 
tions were made over a range of impact velocities up 
to 200 fps. The details of these tests are covered in 
individual reports/'77"84 A general s-unmary ol 
these data is presented in a separate report.1™5 As a 
result of these investigations taken with the theoreti- 
cal analysis, it was shown that only die force-time or 
stress-time diagrams can be obtained in tensile im- 
pact tests and that these diagrams cannot be trans- 
formed into stress-strain diagrams. The conclusion 
is that in tensile impact tests the results cannot be 
logically referred to values of strain rate. Inability 
to transform these diagrams is due to propagation 
effects which give rise to a nonuniform strain rate 
over the gage length of the specimen. 
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TaU made 10 far indicate thai (ho dynamic tensile 
properties of materials cannot be prcdiited from 
iKeir static propertie«, aiihougii the order of magni- 
tude of the tritital velocity may \x predicted with 
reasonable reliability on the basis of the static stress- 
itrain diagram, ll has IKTO found that the ultimate 
strength of all materials tested so far is never less than 
the »tatic value at impact velocities ii the range of 
25 to 200 fps. In plotting the percentage of elonga- 
tion against impact velocity, the data appear to fol- 
low one al three typ« of relations: 

1. Elongation is constant (either higher or lower 
than the static values) within a certain velocity range 
followed by a decrease in elongation at higher 
velocities. 

2. The elongation increases unifonnly to a maxi- 
mum and then decreases with continued increase in 
impact velocity. 

S. The elongation values are scattered with a tend- 
ency to increase with increasing impact velocity and 
then to decrease slightly above a critical impact 
velocity. 

The influence of impact velocity on the energy 
required to rupture the specimen follows the same 
general tendency as the percentage of elongation for 
the materials tested in these investigations. It was 
concluded that, in general, the higher the static 
ultimate strength and percentage of elongation, the 
lower is the percentage of increase of strength and 
elongation under dynamic conditions. 

Some of the work included a study of the influence 
of heat treatment on the tensile impact properties of 
several ^tccls,5T,'•5!M,••'",■^•VM, In some it was found 
that, in a steel heat treated to hardnesses of die order 
of 50 Rockwell C, better dynamic properties were ob- 
tained by austempering than by quenching and tern- 
luring. On the other hand, when these same steels 
were heat treated to a hardness of about 30 Ro kwcll 
C. quenching and tempering appeared to give better 
dynamic projierties. To carry this line of investiga- 
tion further, other tests5*'' were made specifically on 
an S.AE 4340 steel which was heat treated by three 
pmiedurcs. namely, quenching and tempering, mar- 
tempering, atul austcmpei ing. The range of hardness 
covered was from approximately 28 to 49 Rockwell 
C All these tests were made at an inqwet velocity of 
about 1(H) fps. For hardnesses in the range of about 48 
Rockwell C, it was observed that an austemper or a 
martempcr treatincnt gives a «lightly higher value of 
energy required to rupture 'than a quench and temper 

treatment. For hardnesses in the lower range, a 
quench and temper or a martempei treatment givrs 
slightly better energy values than an austemper treat- 
ment. These results might be helpful in certain 
applications in the selection of the proper heat treat- 
ment and hardness range for certain specific require- 
ments where it is recognized that impact conditions 
prevail. However, it tmist be remembered that the 
austempered specimen-« tested were of very small 
sections and that austempering is not in general ap- 
plicable to large sections. 

COMPRESSION IMPACT 

In the discussion of the development of the theo- 
retical aspects of plastic strain propagation, it was 
stated that the relations established by von K.innaii 
are believed to hold in the case of compression im- 
pact for materials in which the static stress-strain 
diagram was concave downward. 

A series of tests was made on annealed copper, cold- 
drawn copper, annealed SAE 1020 steel, cold-drawn 
SAE 1020 steel, a zinc base alloy die-casting, and 
lead. It has been shown''71 that the theory of strain 
propagation is valid in compression for strains which 
are less than those corresponding to the inflection in 
the static compression stress strain curve. Reasonably 
good evidence had been presented to show the com- 
pressive elastic iinut of annealed SAE 1020 steel 
under dynaraL conditions to be about 40 per cent 
greater than the static value. The experiments with 
lead have given evidence of the existence of a critical 
velocity of about 100 fps in compression. At impact 
velocities greater than this value, plastic strains 
greater than approximately 35 per cent could not be 
detected in the specimens tested. It appears that the 
velocity of plastic deformation in lead for strains 
greater than 35 per cent is too low to permit longi- 
tudinal displacement of material and, therefore, the 
material is displaced laterally. In view of these results 
the critical vclociiy of annealed copper, cold-drawn 
copper, cold-drawn SAE 1020 steel, and class B 
armor plate were computed to be i,050, 1,220, 1,440, 
and 1,750 fps respectively. It is to be noted that these 
critical velocities are considerably above those which 
are found in the case of tension. The principal of 
strain propagation in compression was also con- 
sidered for a practical problem. 

The results of the compression impact studies led 
to a consideration of the mechanism of |>cneiration 
of plates by projectiles from the $tand|>oint of strain 
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propagation.087 Sonic tests have been made in vvhidi 
a projectile 0.221 in. in diameter was fired at copper 
disks of different thicknesses at a velocity of about 
.V.M)0 fps. In plotting the square of the residual veloc- 
ity against the thicknesses of the disks, a definite dis- 
continuity was observed. It is believed that this dis- 
continuity is related to the change of velocity of the 
projectile during penetration. This discontinuity in 
the curve has been interpreted on the basis of th^ 
theory of strain propagation. These tests were of ex- 
ploratory character and were not carried further. 

IMPACT ON BEAMS 

In view of the success attained in the application 
of the theory of plastic strain propagation to longi- 
tudinal impact, both experimental and theoretical 
investigations were made on the behavior of beams 
under conditions of impact loading. The investiga- 
tions included tests on small rectangular freely sup- 
ported beams 10 ft long and a theoretical analysis 
of infinitely long beams.58'' The materials included 
cold-rolled and hot-rolled low-carbon steel and an- 
nealed copper. Deflection curves at the end of im- 
pact and after the beams returned to rest were 
obtained. A theory was developed for the plastic de- 
formation of an infinitely long beam subjected to 
a concentrated transverse impact of constant velocity. 
The results show that for a material such as low- 
carbon steel, for which plastic deformation is local- 
ized, the observed deflection curve is closely approxi- 
mated by considering the elastic behavior in the 
theoretical case. Two approximations of the moment- 
curvature curve have been given by which the de- 
flection characteristics may be computed Tor certain 
cases. 

With the development of the theory of propaga- 
tion of plastic bending and its verification, experi- 
ments were made on beams for which the ratio of 
depth to length and the mode of clamping and load- 
ing was somewhat closer to those which might be ex- 
perienced in practice."88 The impact load was 
obtained by means of a mass moving with a certain 
velocity. The total kinetic energy of the hammer was 
absorbed by the beam. Consequently, the impact 
velocity after initial impact was not constant, as in 
the test utilized to confirm the theory, but decreased 
progressively to zero. An I beam and a rectangular 
beam of the same section modulus, 40 in. long and 
clamped at the end, were investigated. These beams 
were of extruded sections of 24S-T aluminum alloy. 

In general, the results showed that the center deflec- 
tion of me beam increases approximately linearly 
with the kinetic energy of the hammer. It appears 
that, for a given type of beam and a given amount of 
kinetic energy of the hammer, the damage as meas- 
ured by the center deflection is greater for a heavy 
hammer with a low impact velocity than for a light 
hammer with a high impact velocity. Furthermore, 
it was shown that a beam with a greater cross- 
sectional area evidences less damage than another 
beam of the same section modulus. 

Recortls were made of the force on the beam at 
the point of impact as a function of time. These 
determinations show that the force reaches a max- 
imum value rapidly and then decreases progressively. 
If two beams having (he same section modulus but 
different weight per unit length are subjected to the 
same conditions of the impact, the force acting on 
the hammer will be greater for the heavy hammer. 

IMPACT ON Pi.AXES 

Interest in the perforation of plates by projectiles 
led to a consideration of the application of the theory 
of strain propagation to the action of a punch at the 
center of a plate under conuitions of impact loading. 
For this purpose a preliminary investigation was 
made.880 In this work the impact velocities were less 
than 150 fps. Both hot-rolled and cold-rolled plates 
]4 W>. thick and 7j4 in. in diameter were employed. 
Three types of punches were used, namely, flat end, 
conical end  with  75-degree included  angle,  and 
conical end with 45-degree included angle. These 
plates were clamped at the periphery. While these 
tests were of preliminary character, they showed that 
a certain velocity exists above which the maximum 
deflection in the plate decreases markedly. This veloc- 
ity appears to be independent of (he shape of the 
punch. Deflection curves are given for various veloc- 
ities up to approximately  150 fps and for static 
loading. 

In view of the results of the preliminary tests wi;h 
plates, a theoretical study was made on the plastic 
bending of circular plates with both static and im- 
pact loading at the center.BB, A reasonably satisfac- 
tory agreement was obtained between theoretical 
and experimental static deflection curves. In gen- 
eral, it was found that the law of propagation of 
bending strain which had been found to hold for 
beams is also true for plates. 

The small diameter of the plates used in the pre- 
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vioiu work did not pi-nnit as extensive conclusions 
as were desiml. An investigation was made on steel 
jil.Mcs 14 in. (hick. (> ft and ;i ft in diameter, loaded 
in impact at the center with a spherical punch.592 

In these tests the plates were mpported at the edge 
and stuck at the center at different impact velocities 
ami for several durations of impact,Velocities ranged 
from about 55 to 205 f|>s, with the duration of im- 
pact between 0.1 and 2 msec. The deflection curves 
were determined a! tht end ol impsct and after the 
test was completed. The results indicate that the 
point along the diameter at which the deflection is 
zero travels from the center of the plate toward the 
support proportionally to the square root of the 
time. The relation is in agreement with the theory 
based on bending stress only and is not in agreement 
with the membrane theory also discussed in the re- 
port of this work. It appears from these results that 
a theory covering the dynamic deflection of a plate 
must include both tensiie and bending stresses. 

A scries of tests was made on a Zamac II die-cast 
alloy for the purpose of investigating its dynamic 
properties for a specific application.''03 Tensile im- 
pact and statii bend tests were made at temperatures 
between —58 F and 70 F. 

STRAIN RATK 

in the investigation of longitudinal impact, the 
results were obtained with the aid of force-time 
curves determined during the impact teats. It is im- 
porUii£ to realize that these force-time diagrams can- 
not be transformed into stress-strain diagrams. This 
restriction is based upon an understanding of the 
theory of strain propagation. By applying the theory 
of strain propagation, it is possible to determine the 
rate of »train at any specific point along the specimen 
as a function of time. From these considerations, it 
was shown that (he rate of strain varies widely from 
one point to another and that the strain rate at any 
point may differ markedly from the average strain 
rale. Therefore, the results of tensile impact tests 
must be expressed in terms of impact velocity and 
not in terms of strain rate. 

In order to determine the influence of pure strain 
rate on the properties of materials, it is necessary 
to conduct a test in "hich propagation effects arc 
either eliminated or very markedly minimi/cd. To 
this end. special equipment has been devised/64 A 
tubular specimen was employed in such a manner 
that a uniform ciuumfer'-ntial stress was introduced. 

The stress was obtained by means of fluid pressure 
applied within the tubular specimen in such a man- 
ner that strain rates up to approximately 200 in. per 
in. per sec were attained, These tests were made on 
MS, UTS, and STS ship plate. Since the specimens 
consisted of thin-walled tubes approximately 0.013 
in. thick, inhomogeneities and segregation in the 
structure were found to lie highly influential on the 
results of the test. 

The results of the uniaxiai strain rate tests have 
shown that for these particular materials the ultimate 
strength and proportional limit increases with in- 
creasing strain rate in the range from approximately 
zero to about 200 in. per in. per sec. Evidence has 
been presented to show that the ultimate strength 
attains an approximately constant value at rates of 
strain as high as about 200 in. |K;r in. per sec. The 
proportional limit becomes equal to the ultimate 
strength at a rate of strain of about 70 in. per in. per 
sec. The values of maximum uniform strain at rup- 
ture were quite scattered;  therefore,  no relation 
could be found between these measurements and the 
rate of strain. It was of considerable interest to note 
in these tests that the ultimate strength of these three 
materials as determined with the tubular specimens 
at a strain rate of about 200 in. per in. per sec. was 
about the same as that determined in the tensile 
impact tests in the range of impact velocities of 25 to 
200 fps. Some of the specimens of the MS ship plate 
cracked open prematurely in both static and dynamic 
tests. Izod impact tests were made on diese same 
materials, and there did not appear to be any correla- 
tion with premature cracking in the tubular type of 
specimens. As a result of these investigations it ap- 
pears that the increase of ultimate strength resulting 
from dynamic effects is about the same whether 
determined under conditions of high pure rate of 
strain or under tensile impact conditions. 

The pure strain rate tests just described were ap- 
plied to samples taken from two 76-mm gun tubes 
which showed markedly different behavior when 
ruptured by detonation of a high-explosive shell in 
the bore of the tube.868 One of these tubes failed in 
a ductile manner while the other fragmented badly. 
The dynamic tests were made at a strain rate as high 
as 190 in. per in. per sec. Static tensile tests and Izod 
impact tests made on these maierials had revealed 
the expected differences in the two gun tubes, one 
of which was slack quenched, quenched in solid, the 
other fully quenched, quenched as a tube. This fact 
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was not stated in the progress report.5"5 Tests on the 
uniaxial thin-walled specimens at high strain rates 
showed that the gun tube which failed in a brittle 
manner had a very low uniform maximum strain, 
while the gun tube that failed in a ductile manner 
had a much higher uniform maximum strain. No 
better differentiation was obtained by these tests, 
however, than was obtained by ordinary tensile and 
impact tests. 

RAPID LOADING 

The research up to this point was concerned with 
the influence of impact velocity and strain rate on the 
properties of metals and alloys. As 2 result of these in- 
vestigations, a reasonably clear picture has been 
secured of the conditions prevailing under an impact 
type of loading. This condition involves an almost 
instantaneous settitig into motion of some part of a 
structural member. Such a condition gives rise to 
the propagation of strain wave» which, under certain 
conditions, may be disastrous to the structure. It was 
shown that with impact loading and with high strain 
rates the proportional limit and ultimate strength 
are greater than with static loading. With this knowl- 
edge one may examine the dynamic loading condi- 
tions which may prevail in the practical case. 

One is confronted with the difficulty of finding 
very many structures in practice that are subject to 
true impact loading. Usi ally the load may be applied 
rapidly to some specific value, maintained at that 
value for a specified length of time, and released or 
changed to another value. Since it has been shown 
that the proportional limit is higher for high rates of 
strain than for static loading, one may question the 
time for which a rapidly applied load can be sus- 
tained without causing permanent deformation. 

This problem has been considered in a preliminary 
investigation.r,0,, Very simple equipment was as- 
sembled for this study and, while it was iuadequate 
for a precise examination of such phenomena, pre- 
liminary indications were obtained which appear to 
be significant. The results showed that it was possible 
to maintain a stress which had been applied rapidly 
for a short time without causing plastic deformation 
even though that stress was above the static elastic 
limit. 

It was recognized that in order to obtain accurate 
information on this subject, with a shorter time in- 
terval for loading and time of sustained load, special 
equipment was required. Therefore a hydropneu- 

matic machine was designed to fulfill the require- 
ments of this investigation.5"7 The machine was 
designed to attain a tensile load of 2(),()0() lb in ap- 
proximately 5 msec and to permit that load or anv 
fraction of it to be maintained for any desired length 
of time. Provision was made for making the proper 
record of the tests. 

SUMMARY 

The investigations covered in this research were 
concerned primarily with impact in tension, com- 
pression, and bending. The theoretical relations 
concerning the propagation of plastic strain were 
presented and checked experimentally. In addition, 
specific data were obtained on the influence of im- 
pact velocity on the tensile properties of a relatively 
large number of metals and alloys. Investigations 
were made also on the influence of strain rate on the 
properties of a few ferrous alloys. 

The foregoing work led to preliminary tests in the 
study of rapid loading as distinguished from impact 
loading. This approach appears to have the greatest 
practical significance and, if further work were to be 
done in the field of the dynamic properties of metals 
and alloys, this phase should be pursued. Equipment 
was designed by which such studies can be carried on. 

The foregoing discussion was taken from the final 
report on Project NRC-82   (NS-109) prepared by 
California Institute of Technology.5"8 As there was 
no promise of the work's yielding results of praciiud 
significance in the war effort, the project was ter- 
minated in December 1944. The investigation with 
respect to the effect of explosive impact on armor 
plate, ship plate, and aircraft materials is by no 
means completed, however. It is the belief of mem- 
bers of the staff of Division 18 that the attainable 
velocities M'ere too low and that the simplest way to 
attain explosive velocity is to use explosives. This 
procedure is discussed in Sections 2.2 and 6.1.2 in 
connection with the development of a direct explo- 
sion test for armor and ship plate. 

In April 1945, the Office of the Chief of Engineers 
requested NDRC to undertake further work on the 
dynamic properties of steels used in reinforcing con- 
crete (Control No. CE-3r).0l). It was proposed that 
"additional data on impact stresses in the plastic 
range ... be developed, particularly the increase in 
elastic limit for load applied in 0.005 sec or less " 
This work was not undertaken for the same reason 
that the original project was terminated. 

■ 
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9J.3 Effects of impurities on the 
Ferromagnetism of Nonfcrrous Alloys 

■ 

• 

^v:'t; 

Instruincnl homings ami various parts in the 
nt'ighlxirhood of aircraft instruments of the magnetic 
!y|H; need to have low magnetic sustcptihiiity ami 
magnetic moment in order that the instruments may 
give correct indications. Brass and bronze castings, 
wrought brass, and cast and wrought atuminum al- 
loys are commonly used in these locations, since they 
are but slightly magnetic. However, all these alloys 
contain small amounts of iron, and, when they arc 
prepared from secondary metals, it is difficult and im- 
practical to keep the iron content exceedingly low or 
to holt! it at any exact level. The iron content is the 
prim ipa! cauvj o| magnetism. 

At the request of Frankford Arsenal, the Office of 
the Chief erf Ordnance requested NDRC to investi- 
gate the effects of impurities on the ferromagnetism 
of nonferrous alloys. Project NRC-79 (OD-I56) was 
established at Lehigh University widi the aim of 
determining the degree of magnetic interference 
exerted by the common alloys with various iron con- 
tents, and the possibility of coturolling this influence 
by variation in composition, heat treatment, aging, 
and plastic deformation. 

Few common nonferrous alloys regularly incorpo- 
rate relatively large amounts of iron as an essential 
alloying element to confer strength, as in manganese 
broiue or manganese aluminum broiue. These are 
covered by Federal Specification QQB-726, composl- 
tiom B ami C for castings. These alloys exert too 
much magnetic, intetference to be applicable to the 
pur;>oses under examination. 

The common copper>base castings are the bronzes, 
containing 3 to 8 per cent of tin, S to 10 }>cr cent of 
zinr, and tqi to 10 per cent of lead, with iron usually 
in the range of 0.0'» to 0.25 per cent. Such alloys are 
covered by Federal Specifications QQB-ö9la, com» 
positions 2 and 11. 

in the as-cast condition, it may be ncceasary to hold 
the iron content below 0.10 per cent to reach the 
desired degree of freedom from magnetism. In dif- 
ferent castings, or with diSes-cnt rates of cooling of 
the castings, irregularities in behavior may appear, 
since the iron in solid solution is relatively ineffec- 
tive; where's, if it is thrown out of solution, as by 
slow cooling of the casting, it becomes eflective in 
producing magnetism. With very high iron content. 

cold working, as by cold rolling or cold forging, may 
also throw iron out of solution. 

However, by heating the casting to H75 to 1600 F, 
most or all of the iron is taken into solution and can 
be retained in solution by quenching from such a 
temperature. This treatment induces satisfactory 
nonmagnetic behavior up to an iron content of 
about 0.30 per cent. Annealing the quenched alloys 
at 1200 F throws the iron out of solution and makes 
the tolerance revert to about 0.10 per cent; annealing 
at 1100 F reverts it to about 0.20 per cent 

The yellow brass casting alloy QQB-621, composi- 
tion B, behaves much as do the bronze castings, but, 
in the solution-quenched condition, can tolerate a 
bit more iron. 

Rolled yellow brass. QQB-611a, composition C, 
with about 2/.H copper, 1/3 zinc, is much more mag- 
netic for a given iron content than are the cast alloys 
studied. Without solution quenching it tolerates 
only about 0.04 i>er cent iron. Solution-quenched, it 
can tolerate 0.15 per cent. A stress-relieving anneal 
at 575 F of hard-rolled brass materially increases its 
magnetism. True annealing at 930 F increases it, but 
not so much as doc» the lower temj>erature. That is, 
at 930 F some of the iron is being taken into solution. 

The plastic deformation produced by rolling or 
forging makes the iron come out of solution very 
much more readily than it does in a casting of com- 
parable composition. 

It is passible that this sensitiveness to iron may be 
connected with the presence of the beta copper-zinc: 
phase in the alloy tested. 

A few commercial aluminum alloys also have been 
studied. Commercial aluminum carries much higher 
iron content than the copper-h se alloys do. How- 
ever, a few compositions used for commercial sand 
and permanent mold castings and a couple of forg- 
ing compositions were examined and found to show 
so little magnetism as to give no concern about their 
use. In such alloys the iron is probably combined 
with alnminum into compounds that are practically 
nonmagnetic. In one of the sand casting alloys tested, 
t per cent of iron was present without harmful 
results. The details of the methods used and the 
results of this investigation are given in four prog- 
ress reports-"190-003 and summarizeJin a final report.803 

This project was transferred from NDRC to the 
Office of the Chief of Ordnance in May 1945 and is 
being continued by that office under a direct contract. 
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9*      CONSERVATION, SUBSTITUTION, 
AND PROCESSING OF MISCELLANEOUS 

MATERIALS 

Although most problems involving the conserva- 
tion, substitution, or processing of various materials 
were studied by the War Metallurgy Committee at 
the request of the War Production Board, several 
survey projects in this held were conducted at the 
direct request of the Armed Services and advisory 
reports were issued for NDRC. These covered a 
variety of subjects such as the engineering applica- 
tions of chromium plating, rivets and rivet steels, 
rare metal contacts, and the reclaiming of lead- 
bearing copper alloy scrap. The requests for these 
studies also asked for recommendations on the re- 
search necessary. In most of these cases, the survey 
projects were able to secure from industry sufficient 
information on the problems to obviate the necessity 
of establishing research projects. 

Research projects were established on two con- 
servation problems; the heat treatment of National 
Emergency [NE] steels and the hardcnability of cast 
alloy steels. Although diese projects were mentioned 
in connection with armor in Chapter 2 of this report, 
their objectives and results were not described. 

M.I Applications of Chromium Plating 

In order to provide a basis for the establishment of 
research  investigations on  the use of chromium 
plating in war materiel, in March 1942 the Office 
of the Coordinator of Research and Development 
and the Bureau of Aeronautics, Navy Department, 
requested the War Metallurgy Committee to study 
the industrial applications of chromium plating- 
Under Survey Project SP-2, Industrial Application 
of Chromium Plating, a correlated abstract of ap- 
proximately 300 articles and patents selected from 
some 10,000 was prepared. This review"04 does not 
cover new experimental work but is a useful sum- 
mary of published and unpublished information 
dealing with the industria1 nondecorative uses of 
chromium plating. It describes many successful ap- 
plications for parts subject to severe wear, that is, 
gages, tools, dies, etc. While uses in war materiel are 
not described in detail, reference is made briefly to 
the use of chromium plating for the reduction of 

erosion in guns and for decreasing the wear of air- 
craft engines and propellors. To familiarize designers 
.uul engineers with the possibilities and limitations 
of the use of chromium plating, a revised edition of 
the report was distributed widely throughout in- 
dustry by the War Metallurgy Committee. 

Although no projects were established by Division 
18 or the War Metallurgy Committee on this subject 
as a result of the survey, investigations of the use of 
chromium plating in guns were conducted by Water- 
town Arsenal and Division 1, NDRC. 

9. «.2 Research on Rivets and 
Rivet Steels 

At the request of the Coordinator of Research and 
Development, Navy Department, the War Metal- 
lurgy Committee established Survey Project .SP-8 in 
August 1912 to review the Bureau of Ships Research 
Memorandum No 3-41, Rivet Rod and Rivets: The 
Relation of Chemical Composition to Their Phys- 
ical and Metallurgical Properties, and Report No 
3I79-17A of the Materials Laboratory, Navy Yard, 
New York, and to appraise the proposed research 
project. 

It was the consensus of the reviewers0"'' that the 
development of a superior rivet steel was essentially 
a metallurgical problem which could be solved using 
the alloy elements available at that time. The use of 
the alloy steels proposed by the Navy Department 
was no longer feasible because the alloying elements 
needed were no longer readily available. Jt was be- 
lieved, however, that the Navy Department was in 
the best position to decide whether a research pro- 
gram was advisable. It was estimated that an ade- 
quate program would cost approximately ^20,000 
and require six months for its completion. No project 
was established by Division 18 or the War Metallurgy 
Committee. 

9A.3       Rare Metal Electrical Contacts 

In May 1942 the Conservation Branch, Resources 
and Production Division, Army Service Forces re- 
quested the War Metallurgy Committee to under- 
take a study of the current osmium situation, which 
had become critical. The yearly consumption of 

/ 
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'iMiiiiim was about 2,i00 OIIIKCS, yearly prcxluction 
was about (>'M) ounces, atul Mocks were approximately 
i,()lri) ounces. It was evident thai, unless consump- 
tion was curtailed shatply, military needs could not 
be supplied. The development of substitutes for 
osmium was recommended. 

Aa a result of this request, Survey Project SI*-10, 
Rare Metal Electrical Contacts, was carried out. 
Although it was found that the sunk of osmium 
available for military and tivilian use was about 
6,100 ounces instead of 1,000 ounces, it was evident 
that the supply and demand had to be brought into 
balance to meet military needs. The report on ;hc 
project00*1 reviews the osmium situation and makes 
useful suggestions relative to the substitution, con- 
servation, and increased supply. It was believed that 
rcyearch in this field would be better canied out by 
industry, and it was recommended that osmium be 
placed under allocation by the War Production 
Roard to insure its most effective use. 

Sulrnxjuenily, the Conservation Branch, Produc- 
tion Division, Headquarter», Army Servke Forces, 
requested a second report on this subject under ihcir 
control number SOSS, Possibility of Interchangeable 
Use of the Materials and AKoys of the Platinum 
Group, Silver, Tungsten, and Others, in Electrical 
Contacts. Survey Project SP-16 was, therefore, re- 
activated for the purpose of making the requested 
study. The report on this phase of the survey"07 re- 
views the various types of contact materials and the 
problems involved in the functioning of electrical 
contacts, The aim of the discussion of contact mate- 
rials was to offer aid in the selection of a few prom- 
iMtig materials for test in newly designed equipment 
and  in  considering  possible  substitutions.   It  is 
stressed that the complexity of die contact phenom- 
ena is SUJ h that foial selections cannot be made from 
existing data and thai actual tests of promising mate- 
rials must IK? made in the specific device under 
operating conditions when jnxssible. Otherwise very 
carefully simulated o^nting conditions muse be im- 
|M>sed to determine if a proposed material 'u ade- 
quate. 

9.1.« Upgrading of Lead-Bearing Copper 
Alloy Scrap 

quarters, Army Service Forces was of methods of 
reclaiming lead-bearing topper alloy scrap for re- 
use. A special committee appointed by the War 
Metallurgy Committee studied this problem and sub- 
mitted a report in March !(M3.,H,H 

Three types of scrap were involved in the study: 
(1) screw machine turnings and borings, (2) miscel- 
laneous cast bronze, cast red brass, and yellow brass 
with lead as a major constituent, and (3) high-leaded 
bronze such as railroad car bearings. The committee 
recommended that, in case the scrap was not being 
utilized in an economical manner, additional melt- 
ing capacity be installed to handle the first type of 
scrap, and additional converter and fire-refining ca- 
pacity be installed to handle the second and third 
types. It was stressed that the problem was not the 
lack of a suitable method to handle the scrap. The 
committee concluded that no research was necessary. 

*•*■*        Heat TveatmeM of National 

Another survey made at the request of the Con- 
snvation    Branch,    Production    Division,   Hcad- 

The formulation and adoption of the NE steels to 
replace the standard steels and to conserve critical 
alloying elements was one of the outstanding metal- 
lurgical accomplishments of World War II. In order 
to establish proper heat treatments to utilize these 
steels to full advantage in ordnance materiel, more 
intormation was needed on their cooling rates. This 
investigation was undertaken by the Research Lab- 
oratories Division of General Motors Corporation 
under Project NftC-55, Heat Treatment of National 
Emergency Steels for Use in Tanks, Combat Cars. 
Gun Mounts, and Other Ordnance Materiel. Al- 
though the project was established on the recom- 
mendation of the War Metallurgy Committee, it was 
subsequently endorsed by the Office of the Chief of 
Ordnance and conducted under their control num- 
ber OD-115. 

To determine the cooling rates and cooling times, 
a procedure was worked out and special equipment 
constructed.126 in addition, an accurate cooling 
curve temperature recorder was developed with the 
desired sensitivity for recording temperatures simul- 
taneously at four positions in the test specimen.1-4 

In the preliminary phase of the investigation, the 
effects of composition and the degree of hardenability 
upon cooling rates along die length of the standard 
Jotniny hardenability test bar, end-quenched from 
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1500 F and HiiiO F, were deiermincd for two NE 
steels. NE 9420 and NE 9445, is well as SAE 1115 and 
SAE 1015.,-'1 These data were obtained from cooling 
curve records produced by the same recording equip- 
ment to be used for studies of the quenching of 
rounds and plates and were necesary for an ac- 
curate correlation between cooling rates in the hard- 
enability test bar and those in plates and rounds. In 
the final phase of the investigation, the cooling rates 
and cooling times in different round and plate sec- 
tions quenched in water were studied. Data were 
taken at the center and at three other locations in 
1-in., 2-in., 3-in., and 4-in. rounds of NE 9145 or 
NE 9150 steels, and at the center and at three other 
locations in J^-in., i/^-in., l-in., 2-in., and 3-in. plate 
specimens of 0.34 per cent carbon armor plate steel. 
Also studied were quenching experiments for deter- 
mining the effects of (I) the change of quenching 
temperature from 1525 F to 1(550 F, (2) the presence 
or absence of scale prior to quenching, (3) the change 
of water temperature from 55 F to 75 F and 80 F, and 
(4) variation of water velocity over a range of from 

0 to 1,000 fpm. The application of this work in the 
study of the metallurgy of armor is discussed briefly 
in Section 2.3.3 of this report. 

These data permitted the correlation of cooling 
rates and cooling times in plate and round sections 
quenched in water with similar data on the standard 
Jominy end-quenched hardcnability bars, and the 
preparation of usable charts showing this correlation. 

9.4.6 Hardenabilily of Cast Alloy Steels 

A project closely related to the studies of the heat 
ireatment of NE steels and of equal value in the war 
effort was Project NRC-83A, Hardenability of Cast 
Steels for Use in Ordnance Materiel. The investiga- 
tion was financed by the American Brake Shoe Com- 
pany and was conducted under the general supervi- 
sion of the War Metallurgy Committee. It was estab- 
lished in March 1944 with the objective of (I) deter- 
mining the composition range.?, employing a mini- 
mum of strategic alloying elements, »hat would be 
satisfactory for the production of steel castings under 
Federal Specification QQ-S-68Ib, (2) investigating 
the minimum strategic alloy content that would be 
adequate for tank armor, in anticipation of the pos- 
sible need for revision of cast armor specifications to 

effect fuither conservation of the alloys, and (3) ex- 
amining the relationships between chemical composi- 
tion., mechanical properties, tempering character- 
istics and hardenability for heat-treated cast steels. 

The last of these objectives produced many data 
of wide applicability in the utilization of alloy steels 
to attain high strength and toughness. Of most gen- 
eral value are the hardenability data for the deeper 
hardening cast alloy steels. Thirty-three heat-treated 
cast alloy steels were made and tested. The program 
included the evaluation of mechanical properties at 
several hardness levels for quenched and tempered 
bin. rounds (tensile tests) and ^-in. squares (Izod 
impact tests) and of hardenability as measured by the 
standard Jominy end-quench tests.,,p The applica- 
tion of the results of this investigation to the metal- 
lurgy of low-alloy homogeneous armor is also dis- 
cussed in Section 2.3.2 of this reooi t. 

Although the investigation was closed as a correla- 
tion project for the NDRC at the end of World 
War II, it is being continued by the American Brake 
Shoe Com, .. 

9.4.7 tance Tests for Plain Carbon 
Steel Forgings 

It was thought that a program of study on plain 
carbon steel forgings, similar to that carried out for 
gun tubes and discussed in Chapter 3 of this report, 
should yield information of considerable practical 
value to those making plain carbon steel forgings for 
the Armed Services and to those responsible foi the 
writing of specifications for plain carbon steel forg- 
ings for ordnance materiel. At the request of the 
Office of the Chief of Ordnance under control num- 
ber OD-114, Project NRC-58, Acceptance Tests for 
Plain Carbon Steel Gun Forgings and Other Ord- 
nance Forgings, was established at Carnegie Institute 
of Technology in April 194S. The program covered 
a statistical analysis of the transverse ductilUy in 
plain carbon forging steel represented by SAE 1045 
and included studies of the effect of the direction to 
fiber of forging, the effect of eight different heat 
treatments including normalizing, the effect of ho- 
mogen izat ion, the effect of the degree of forging 
upon the reduction in area, and the effect of banding. 

A very complete metallurgical investigation was 
made of one plain carbon stc^l forging. In addition. 

/ 
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,i thornugh Matisiiciil study  was made of icmilc large in qucnclu.'d and tempered plain carlx)n steel 
tc^i data received fiom companies making furgings forging» as in alloy gun tube forgings. Attempts to 
foi the Armed Service». reduce this variation significantly by high tempera- 

On the average, the maximum variation of trans- ture homogenization treatments all failccl."'1" The 
vertc reduction of area was found to be about as project was terminated in August 1944. 
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S. Clark, «nd D. S. Wood, OSRD ie29, Division 2, Report 
A-217, California Institute of Technology, Sept. 15, i943. 

Div. 18-902.12-M7 
577. The Influence oj Impact Velocity on the Tensile hoperties oj Plain 

Carbon Steels and oj a Cast-Stetl Armor Plate, Pol E. Duwcz, 
Donald S. Clark, and D. S. Wood, OSRD 1274, Division 
2, Repcrt A-154, California Institute of Technology, Mar. 
2, 1943, Div. 18-902.12-M3 

578. Dynamic Tests of the Tensile Properlies oj SAE 7020 Steels, 
ARMCO Iron and 17S-T Aluminum Alloy, Pol E. Duwez, 
D. S. Wood, and Donald S, Clark, OSRD 1490, Division 
2, Report A-182, California Institute of Technology, May 
13, 1943. Div. 18-902.12.M5 

579. The Influence oj Impacl Velocity on the Tensile Properties oj Class 
B Armor Plate, Heat-Treated Alloy Steels and Stainless Steel, Pol, 
E. Duwez. D. S,Wood, and Donald S, Clark, OSRD 1641, 
Division 2, Report A-195, California Institute of Tech- 
nology, July 15 ,1943. Div. 18-902.12-M6 

580. The Influence oj Velocity on the Tensile Properties oj a Carbon 
Steel, Two Nalioetal Emergency Steels, and a Manganese Sleet, 
Donald S. Clark, Pol E. Duwez, and D. S, Wood, OSRD 
3160, Division 2, Report A-241, California Institute of 
Technology, Jan. 22, 1944. Div. 18-902.12-M9 

581. The Influence oj Impact Velocity on the Tensile Properties oj Four 
Magnesium Alloys and 24S Aluminum Alloy, Donald S. Clark, 
Pol E. Duwcz, and D. S. Wood, OSRD 3256, Division 2, 
Report A-249, California Institute of Technology, Feb. 12t 
1944. Div. 18.902.12-M10 

582. The Influence of Impact Velocity on the Tensile Properties oj Three 
Types oj Ship Plates: MS, UTS, STS, Donald S. Clark, 
Pol E. Duwez, and D, S. Wood, OSRD 3420, Division 2, 
Report A-261, California Institute of Technology, Mar. 23, 
1944. Div. 18-902.12-M11 

583. Behavior oj Metals Under Dynamic Conditions. Influence oj Im- 
pact Velocity on the Tensile Properties oj JVE-871S, NE-94415, 
SAE 1045 am' SAE 1090 Steels, Donald S, Clark, Pol E. 
Duwcz, and D, S. Wood, OSRD 3695, Progress Report 
M-257, Caliibrnia Institi-lc of Technology, May 9, 1944. 

Div. 18-902.12-M 13 

584. Behavior oj Metals Under Dynamic Conditions. The Influence oj 
Impacl Velocity on the Tensile Properties oj Three Ciaup/s oj Furni- 
ture Sleet Sheets, Pol E. Duwcz, Donald S. Qark, and H. E. 
Martens, OSRD 3696, Progress Report M-264, California 
Institute of Technolog)-, May 9,1944. Div. 18-902.12.M 12 

585. Behavior oj Metals Under Dynamic Conditions. The Influence oj 
Impact Velocity on the Tensile Pt operlies oj Some Metals and 
Alloys, Donald S. Clark and Pol E. Duwez, OSRD 3837, 
Progress Report M-288, California Institute of Technology, 
June 19, 1944. Div. 18-902.12-M14 

586. Behavior oj Metals Under Dynamic Conditions. The Injluence of 
Hardness and Type oj Heat Treatment on the Slaltr and Impacl 
Tensile Properties of an SAE 4340 Steel, Pol E. Duwcz, 
H. E. Mar!eiis, and others, OSRD 4775, Progress Report 
M-462, California Institute of Technology, Feb. 19, 1945. 

Div. 18-902.12.M 15 
587. Behavior oj Metals Under Dynamic Conditions. A Preliminary 

Investigation oj the Mechanism oj Penetration jrom the Stand- 
point oj Strain Propagation, Donald S. Clark and Pol E, 
Duwcz, OSRD 3957, Progress Report M-317, California 
Institute of Technology, July 19, 1944,  Div, 18-902.11-M7 

5So. The Behavior oj Long Means Under Impact Loading, Pol E. 
Duwcz, Donald S. Clark, and others, OSRD 1828, Report 
A-216, California Institute of Tcchndogy, Sept. 13, 1943. 

Div. 1B-902.13-M2 
589. Behavior of Metals Under Dynamic Conditions. Behavior oj 

Clamped Beams Under Impact Loading, Pol E. Duwez, H. E. 
Martens, and Donald S. Clark, OSRD 4043, Progress 
Report M-338, California Institute o." Technology, Aug. 
16, 1944. Div. 18-902.13-M6 

590. Deflection and Perforation oj Steel Plates at Impact Velocities up 
to 150 Ft/Sec., Pol E. Duwez, D. S, Wood, and Donald S, 
Clark, OSRD 1402, Preliminary Report A-175, California 
Institute of Technology, Apr, 23,1943, Div, 18-902,13-M1 

591. The Static and Dynamic Plastic Bending oj Plates, D. H, 
Hyers, OSRD 2018, Report A.228, California Institute of 
Technology, Nov. 16, 1943. Div. 18-902.13-M3 

592. The Behavior oj Large Plates Under Impact Loading, Pol E. 
Duwez, Donald S. Clark, and others, OSRD 3292, Report 
A-254, California Institute of Technology, Feb. 25, 1944. 

Div. 18-902.13-M4 
593. Behavior oj Metnls Under Dynamic Conditions. Some Static and 

Dynamic Properties oj Zamac " Die Cast Alloy in Relation to 
Its Use in Mark 140 (HIR3) Fuse, Donald S, Clark, Pol E, 
Duwez, and D, S, Wood, OSRD 3425, Progress Report 
M-234, California Institute of Technology, Mar, 27, 1944, 

Div, 18-902,13.M5 
594. Behavior oj Metals Under Dynamic Conditions. The Influence oj 

Pure Strain Rate on Tensile Properties oj Three Types oj Ship 
Plate, Pol E, Duwez, H. E. Martens, and others, OSRD 
4773, Progress  Report  M-459,  California Institute of 
Technology, Feb. 19, 1945, Div. ! 8-902.15-M2 

595. Behavior oj Metals Under Dynamic Conditions. The Application 
oj Pure Strain Rate Tests to an Investigation oj Two 76 mm 
Gun Tubes, Pol E. Duwcz, H. E. Martens, and others, 
OSRD 4729, Progress Report M-46C, California laititute 
of Technology, Feb. 19, 1945. Di". 18-902.15-M1 

596. Behavior oj Metals Under Dynamic Conditions. Preliminary Study 
oj the Injluence oj Rapid Loading and Time at Load on the 
Iiuliation oj Plastic Deformation in Tension, Pol E. Duwcz, 
H. E. Martens, and Donald S. Clark, OSRD 4621, Prog- 
ress Report M-45rt, California Institute of Technology, 
Jan. 22, 1945 Div. 18-902.14.M1 

597. Behavior oj Meials Under Dynamic Conditions. The Design oj a 
Hydro-Pneumatic Machine jor Rapid Load Tensile Testing, 
D. A. Elmer, Donald S. Clark, and D. H. Hyers, OSRD 
4774, t-rogrc»   Report  M-461,  Califon.ia  Institute of 
Technology, Feb. 19, 1945. Div. 18-902.14-M?. 

■ 

CONFIDENTIAL 



•.-;■ .a .rv."'; "'■•■•■?■= rsa tssrjLTAfaxaaaxt 

m BiBLIOGRAE'HV 

5*)«. HthMtot of Mftati L'ndrr Dynamic Comhliotn, Donald S. 
Clark, OSRfJ 4868, Final Report M-492, California 
fiuiiiutr of Trchnology. MMV27, 1945. IWV. 18-902.J-Ml 

599. InutÜgation of Ihr Fffrclf of Impurilifs on Ihe Ffrromagn/litm oj 
.S'tn-Fntmu Alloys, Allison Buit« and J. l\- Fry«-, Jr., 
OSRO 3694, IVogrcM Report M.279, Ixhigh University, 
May 20, 1944. I>iv. 18-902.2-Ml 

600. Intfiltxaliea of Iht Ejfrcl oj tmpurilW on tht Ftrromagtulitm of 
tftm-Ferrcut Alloys, Allison Butts, J. H. Fryc, Jr., and P. L. 
Reilxrr, Jr., OSRD 4056, Progrou Report M-335, Lehigh 
Univemty. Aug. 24, 1944, Div.  18-902.2.M2 

601. /nm/ifflfion of Ihr Effects oj Impuulies on Iht Frrromagntlism 
oj .\an-Fmous Alloys, Allison Butt« and P. L. Reibet, Jr., 
OSRD 4442, Progress Report 407, Lcliigh University, 
Dec. 4, 1944. Div. 18-902.2.M3 

602. Inmligation of iht F.ßiclf of Impuritus on the Ftrramagnelism oj 
jS'tft'Fefmu Alleys, Allison Butts and P. L. Reiher, Jr., 
OSRD 4833, Progress Report M-479, Lchigh University. 
Mar. 20, 1945. Div. 18-902.2-M4 

603. Invtstigalion oj tht F.jjicts oj Impurities on the Ferromegnetism of 
jVufFrrrou} Alloys, P. L. Rciber, Jr., and Allison Buttf, 
OSRD 5471, Progress Report M-548, Uliigh University, 
Aug. 20, 1945. Div. 18.902.2.M5 

604 Industrial Applications oj Chromium Fluting, M, Kolodncy 
OSRD 1074, Advisory Report M-26, National Academy 
of Sciences, Nov. 27, 1942. Div. 18-900-M1 

605. Proposed Research Froject: Rivets and Rivet Steels, OSRD J162, 
Advisory Report M-42, National Academy of Sciences, Jan. 
22, 1943. Div. 18-900-M2 

606. Osmium, E. M. Wise, OSRD 1750, Advisory Report M-l 34, 
National Academy of Sciences, Aug. 27, 1943. 

Div. 18-902.4-M1 

607. Fossitilities of Interchangeable Use oj the Materials and Alloys 
oj the llotinum Group, Silver, Tungsten, and Others in Electrical 
Contacts, E, M. Wise, OSRD 5163, Advisory Report M- 
499, National Academy of Sciences, May 30, 1945. 

Div. 18-902.4.M2 

60». Upgrading oj Isad-ßearing Copper Alloy Scrap, OSRD 1244, 
Advisory Report M-55, National Academy of Sciences, 
Mar. 5, 1943. Div. 18.900-M3 

609. Acceptance Tests for Plain Carbon Steel Gun Forgings and Other 
Ordmrnt Forgings, R. F. Mehl and A. H. Grobe, OSRD 
5018, Final Report M-466, Crirncgic Institute of Tech- 
nology, May 3, 1945. Div. t8.301-M3 
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ARMV  AM)   \ \VY  PROJECTS  ASSIGNED   l<»   DIVISION   IH 
AND THE DIVISION  IH PROJECTS PERTAINING   I.)  FACH 

The projecu listed below were transmitted to the Executive Secretary, NDRC. from the War or Navy 
Department through cither the War Department Liaison Officer for NDRC or tiic Office of Research 
and Inventions (formerly the Coordinator of Research and Development), Navy Department. 

Army or S'liity 

Control Number 

Army or Sovy Tille und 

Division IK, NDRC Project Pertaining Thereto 

AC-1 Developmcni of Ikrylliiim Alloys Applicahie lu Dii»truciion of Aircrad 
NR('.'7     Beryllium-Aluminum Allay» for KngiiR- Paru 

AC-6 Armor: Development of Nonnci^nctir Arrooi 
BI(H k B-2(t8   DcvelopmeiM of Nonmagnetic Armoi Steel 

At;"') l)t'Vflo|iniriii iitid Totting «I '■oüd Piopcllanu ;iiiil Motors (01 Jcl Propul«ion Devices Requiring 
Ktrgc Propcllaut Graini 

NRC-KH    Mclal ürul Ceramic M;i(«-Ti«i>i (or Jcl I'ropuitiiin l>evi(TS 
AC-77 i\.miiii;i(iüii of Enemy Airrrafi Matriirl 

NRC-92    Examination of Enemy Malet iel 
AC-WJ Uagncsiutu Alloy«, for OxNjjctt Syiiems 

I'rojwt not iii!(!cria!.<-i! 
AN 11 Dcvelopmeni of Nonronlaminating Fifty-Fixc: Gallon Drums foi Petroleum Products 

I'rojcft not unclcriakii'ti 
CE-M.Oi Investifptioni on Behavior of Metals Under Dynamic Conditions 

Pruject not ictDicrfiikcn (Sec NS-109) 
S. 101 The Corronion-Fiitigue Failure of Aircraft Control Cabl« 

NRC'19   Corrosion-Faliguc Failure of Air« rait Control Caliln 
SWß Htai-acsisting Metals for Gas Turbine I'am 

SP-5        Current Data on Selected Alloys Sttilahle for High-Temperature Servier MI Gas Turbine 
and Stipcrcharger Parts 

NRC-8     Heat-Resitting Metals for Gas Turbine Parts 
NRC-n   H«n Treatment of High-Tempera tu re Alloy; 
NRC-90   U'eldability of Heat-Resistitijf Alloys 

Nil!) Examination of Enemy Materiel 
NRC-32   Examlmtion of Enemy Materiel 

NA-IOQ Beryllium-Aluminum Alloys for Engine Parts 
NRt:-7     Berylliuui-AIijn'.iu'.un Alloys for Engine Parts 

NA-115 File««« of Siot Blasting on Mediaiiical Ptopcrtics of Steel 
NR(;-40   F".lfe< ts of Shot Blasting on Mechanical Properties of Stcd 
NRC-78   Study of Effects of Surface Pmlrcssing on Dynamic Properties of Metals 

Wll'.l Investigation of the Effect of Impurities in Aluminum Alloys 
SP-17        Effects of Impurities in Aluminum Alloys 

\ A 186 Forming of Aluminum Alloys 
NRC-13   Correlation of Information Available on the Fabrication of Aluminum Alloys 
SP-18       Fatigue and Impact Characteristics and Notch Effect In Tension of Artificially-Aged 

Aluminum Alloy» 
N \ IS7 High Temperature Properties of Light Alloys 

SP-I3       High Temperature Propertio of Light Alloys 
NAI M Properties and Heat Treatment of Magncsitim Alloys 

NRC-2I    Propertle« and Heal Trcatmeni of Magnesium Alloys 
NA-I' Fatigue Properties of Magnrsium Alloys and Structure» 

NRG 22   Fatigue Properties of Magnrsium Alloys and Strnctnrcs 
NA-I Hi Form .bilitv of Magnesium Alloy Sheet 

VtC'-U    Fonnahilitv of Magnesium Alloy Sheet 
VVII7 PIHMMI aiul Stros-ComMion Properties of Magnesium Alloy Sheet 

NRG-67    Physical and Stress-Corrosion Propcitim of Magnesium Alloy Sheet 
NAHH Deformation Characteristics of Magnesium Alloys 

NRC-70   Deformation Characteristics of Magncsii'tn Alloys 
NAI 19 Plastic Flow of Aluminum Aircraft Sheets Under Combined Loads, I 

NRG 11    Plastic Flow of Aluminum Aircraft Sheets Under Combined Loads, 1 
NA 150 Plastic Flow of Aluminum Aircraft Sheet« Under Combined Loads, II 

NRC-52    Plasti« Flow of Altitninum Aircraft Sheets Under Combined Loads, II 
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Aiin\ or Navy 
Control Number 

Army or Navy Title mid 
Division /<V, SOliC Project Pertaining Thereto 

NCC-100 

NO-II 

NO H 13 

NO-IM 

NS-109 

NS-25S 

N.S-30i 

NS 30") 

NS-S06 

NS-307 

NS-S36 

NS-361 

OD-25 

OI)-3M 

OI)-3(-2 

OD-31-3 

ODSMO 

01)35-1 

The Influence of Pccningon VVcldmenta 
{'rojece not undertaken 

Stiuctural Defense Tcating Facilliics for Armor 
NRC-82   Behavior of Mctais Under Dynamic Condition!) 

Nonmagnetic Armor or Armor of Modified Magnetic Propcrtic« 
IM 01 ii H-20H   Development of Nonmagnetic Armor Steel 

IlimeCallic Copper Steel Rotaiing Hands ior Projectiles 
NRC-fiO   Bimetallic Rotating Hands for Projectiles 

Properties of Materials at High Rates of Loading 
NRC-H2   Behavior of Metals Under Dynamic Conditions 

Wcldahility ol Steel for Hull Construction 
WRC-2S    Direct Kspiosion Tcs: lor Welded Armor and Ship Plate 
NRC-8fi   Wcidahility of Steel for Hull Construction 
NRC'87   Investigation of Metallurgical Quality of Steels Used for Hull Construction 

Residual Stresses in Ship Welding 
NRC-(H    Residual Stresses in Ship Welding 
NRC-89   Fatig.it tests of Ship Welds 

History of Residual Stresses on Welded Ships 
NRC-71    History of Rcsiduai Stress;-'* in Welded Ships 

Behavior of Steel Under Multiaxial Stresses 
NRC-7S   Behavior of Steel Under Conditions of Multiaxial Stresses and Effect of Welding and 

Temperature on This Behavior 
Behavior of Sicel Under Conditions of Multiaxial Stress and the Kffect on This Behavior of Metal- 

lographie Structure and Chemical Composition 
NRC-77    Behavior of Steel Under Condi;ions of Multiaxial Stress and the F.lfect on This Beha- 

vior of Metallographic Structure and Chemical Composition 
Investigation of Cleavage Fracture Sensitivity of Steel 

NRC-92   Cleavage Fracture of Ship Plate as Influenced by Design and Metallurgical Factors 
NRC-93   Cleavage Fracture of Ship Plate as Influenced by Size Effects 
NRC-JM   Correlation of Laboratory Tests with Full Scale Ship Plate Fracture Tests 
NRC-9G   Correlation of Laboratory  Tests with Full Scale Ship Plate Practare Tests 

Consulting Services to Bureau of Ships on Division IH Projects 
Project tiot cslahlished, hut consulting services are being rendered 

X-Ray Investigation of Rcsiduai Stresses 
R 9?0       Residual Stresses in Cold-Drawn N'on-Ferrous Alloys 
NRC-27    Prevention of Stress-Corrosion Cracking of Cartridge Brass by Protective Coatings, or 

Surface Treatment 
Determine the Relationships bciwcct Temper..     _■ and Times of Hold at Heat for Adequate Relief 

of Stress in Welded Structures (See OD-34-2) 
Evaluate Residual Stress in Wcided Structures 

R-150       Report on Research Needs in Field of Welding and Summary of Existing Knowledge 
on Welding Practice 

NRC-3     Stress Relief of Weldmcnts for Machining Stability 
NRC-I7R Stress Relief of Welded Joints 

Develop a Steel Composition That Has Maximum Strength at or Near the Solidtis and That, After 
Heat Treatment, Will Have Physical Properties Suitable for Gun Manufacture 

NRC-36   Metallographie and Physical Properties of New Types of Gun Steels 
NRC-3H   Improvement in Wrought Gun Tubes 
NRC-39   Improvement in Gun Steel Ingot Practice 
NRC-iHJ   Control of Basic Open Hearth Practice for Manufacture of Wrought Gun Tubes 
NRC-HO   Prevention of Cracking in Gun Tulws 
NRC-8I    Development of High-Strength Gun Steels 
NRC-8,r)   Timc-Tcinpcrature-Hardness Relations in Neu1 Gun Steels 
B-90 it B-KM)   Steel for Gun TIIIKS 

Determine the Fatigue Strength of Selected Gun Steels (Inder Various Combinations of Stresses 
n-!89       Fatigue Strenglb of Selected Gun Steels 

Develop a Rapid Acceptance 'Fest for Fire Clay Brick to he Used in Pouring Boxes for Handling 
Molten Steel Where the Brick Must Endure High Thermal Shock and Must \w Strong Enough 
for Haruiiing While Coin 

B-IOS       Acceptance Test for Fire Brick: Pouting Bo\ Refractories 
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Army or S'airy Atmy or Natty Title ami 
Couirol Sumhrr Division IH. NDHC Piojca Pertaining Thereto 

OI)-3r»-2 Develop a Suiuhlc Subttilute fur the Sillimanttc Wet I'ati h for Isc as Seals in Cannection «iih die 
Pouring (if Molten Sieeli in .S|Mtia! Foiinili\ Practice 

ß')"i Developtnevii of a Stibslitutc for Stllimanite in Pouring tlin]»'. Used in Special .Steel 
Foundry Practice 

<)l) 5<>-2 To Develop  Precipitation  Hanicning Alioys   I'hat Can  Be  Utilinxi for Welding Electrodes. 
(Kxtend'-d to include the dcvelo|inicni of clectnulcs for the repair welding of cast armor and 
for i5>e welding of high-Mrcngth •tructural steels.) 

NRCM      Wcldahility of Coniiiicrcial Armor Plate 
NRC-i;      Development «if Fcrritic Armor Welding Electrodes 
NRC 2R   Development of Armor Welding Electrodes 
\RC-7ii   Ikrvriopment of Improved Eiectrodt* (^»atings 
SP-2t)       field Service in Welding of High Strength Structural Steels 
ISP-29       Field Service in the Repair Welding of Cast Armor 

()D-37I Determine the Factual Relationship Between Strurture, AUoiropy, Dilation Characteristics of Steels 
Used in Ordnance 

SRC!)     Evaluation of Weldability by Direct Welding Tests 
viRC-IO    Evaluation of Weld^hility hy Direct Measurcincnt of Cooling Rates 
NRC-II    Evaluation of Weldability h) Correlation of Electrical and Heat Constants 

<)D W'> Pcriect a Method for the Rapid Determination of Oxygen, Hydrogen, and Nitrogen in Steel and lot 
Cttordinattng the Effects of These F.lements on the Structure and Physical Properties 

NRC-J      Effects of Hydrogen, Nitrogen, and Oxygen in Armor Plate 
OD 7( Development of a Process for Manufacturing and Welding Face-Hardened Armor 

\'R(M6R Welding Face Hardened Armor 
NRC-21    The Development i>! a Process (or Manufacturing and Welding Face-Hardened Armor 

Plate 
NRC-29   Development of Projcsse.s for the Manufacturing and Welding of Homogeneous Armor 

Plate from Nonalloy Steels 
N'RC-30   DcvelopmenJ of Processes for the Manufacturing ar.d Welding of Casc-Carburiicd 

Armor Plate from Nonalloy Steels 
OD-7fi Direct Explosion TrHt for Welded Armor Plate 

SRC-25   Direct Explosion Test for Welded Armoi and Shi|) Plate 
OD-8i Sctuly of Properties of Malleable Iron Castings fV)r Vie in Tanks, Comlial Vehicles, ami Other Mili- 

tary Applications 
NRC-2H    Properties of Malleable Iron Casting* for Use in J'aniss, Comhat Vehicles, and Other 

Military Applications 
OD-82 Weldability of Oimmercial Armor Plate 

NRCt      WrSdabilily of Qmimercial Armor Plate 
NRCM»   Non-MetslUc Welding Back Up Su\\n for Armor Plate joints 

OD-8S (Uirrclatinn »f Metallographie Structures and Hardness Limit in Armor Plate 
NRC'.r>     Correhiiioii of Metullngraphic Structures and Hardness Limit in Armor Plate 

OD HI Nun-Ballistic lest f.'ir Armor Plate 
NRC-fi     Nonllallisiir Test for Armor Plate 

OD-lW Spot Welding of Armor Plate and Ixw-Alloy Steels 
NRCI2   SJKII Welding of Armor Plate and IäW-AIIOV Steels 

OD-Wi Flash  Welding  of  Alloy  Steels  for  Ordnance  and   Non-Destructive   resting  of   Flash   Welds 
NRC-15   Flash Welding of Alloy Steels (or Ordnance 
NRC-r.7    Non-Destructive Testing of Flash Welds 

OD S? Improvement of Low-Alloy Armor Steels 
NRC-H   Improvement of Low-Alloy Armor Steels 
NRC-31    Inveitigatioti of Boron in Armor Plate 

OD-8H Flame Hardening of Homogciwous Annor Plate 
NRC-23   Determination of the Effects of Flame Hardeni'ij on the Ballistic Properties of Pre- 

Heat-Treated Homogeneous Armor Plate 
OD-l(t6 F.flert of l^xied-up Stresses on Ballistic Vcrfoj.nance of Welded Armor 

NRC-SS    Effect of l^cked-up Stresses on Ballistic Perr-'^-iance of Welded Armor 
ODI07 NcuiAII( v Steels 5or .Annor-Piercing Capped Shot 

NRC 37    Investigation of the I'se of Siecial Non-Alloy Stcrls for Armor-Piercing Capped Shot 
OD-108 Centrifugal Casting Methods for Pmduc.lr.ti <n Miscellaneous War Materiel  Items 

SP 10        Mathematics underlving the Centrifugal Casting of Metals (OD 108) 
NRC-2ii   Improveincuts in and Extension of Centrifugal Catting Methods for Production of 

Miscellaneous War Materiel Iten« 
NRC-3S    Analysis of Heat Flow in Meta! Mol,1 ■ lor Centrifugal Casting of Gun Tul>es, Airplane 

Cylinder». Tank Bogev Wheels and Other War Materiel 
S'RC-3tN Rihiiography op Centrifugal Casting 

i 
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Army or Navy Army or Navy Title ami 
Control Number Division IS. NDJtC Project Pertaining Thereto 

OD-IIS Examination of Enemy Mau-iU-l 
NRC-32   Examination of Enemy M;it<''ricl 

OD-III Investigation «f Acceptance Twi« for Plain Carlxm Sieel Cmi Forgings and Other Ordnance 
Forgings 

NRC-58   Acceptance Tests for Plain C;III»OII Steel Gun Forgings and Other Ordnance Forgings 
OD-IIS Heat Treatment of National Emergency Steels (or Use in Tank«, Combat Cars, Gun Mounts, and 

Oilier Ordnance Materiel 
NRC-.IS    Heat Treatment of Natioral Emergency Steels for Use in  Tanks. Combat Cars, Gun 

Mounts, and Other Ordnance Materiel 
OD-117 Study of Density ai.d Volume Changes Associated with Phase Changes in Brass 

NRC-62   Study of Density-Volume Changes Associated with Phase Changes in Cartridge Brass 
OD-I23 Evaluation of Factors Affecting Crack Sensitivity of Welded Joints 

NRC-().r)   Evaluation of Factors Affecting Crack Sensitivity of Welded Joints 
OD-IS'i Effect of Oxygen Cutting on WeUiabiliiy cf Armor Plate 

NRC-71    Effect of Oxygen Cutting on Wcldahility of Armor Plate 
OD-lll Development and Extension of Precision Casting Methods for Production of Miscellaneous War 

Materiel Items 
NRC-69   Dcvelopmcni and Extension of Precision Casting Methods for Production of Miscella- 

ncou» War Matd-riel Items 
OD-irifi Investigation of the Effect oC Impurities on Ferro-Magninisni of Nonlerrous Alloys 

NRC-79   Effects of Impurities on the Ferro-Magnetissn of Nonferious Alloys 
OD-177 Manual on Effects of Shot Peening of Machine Parts and Laboratory Specimens 

Project not undertaken (sec NA-115) 
QMC-18 Development of a Suitable and N'oncritical Coating for Steel in Cooking Utensils 

NRC-IO   Development of a Suitable and Noncritical Fused Inorganic Coaling for Cooking Uten- 
sils and Other Quartermaster's Items 

QMC-21 Flatware for Army Use 
NRC-18   Flatware for Army Use 
SP-ll       Silver Plating of Steel Flatware 

QMC-25 Camouflage of Mess Gear 
NRC-54   Metallurgical Studies and Surveys of  Umy Quartermaster Corps Supplies 

QMC-39 Corrosion-Resisting Alloy for Quartermaster Items 
NRC-91    Development and Evaluation of an Economical Corrosion-Resisting Alloy for Quarter- 

master Items 
SOS-3 Possibilities of Interchangeable Use of the Materials and Alloys of the Platinum Croup, Silver, 

Tungsten, and Others in Electrical Contacts 
SP-IO       Rare Metal Contacts 

!    / 
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COS I KAt: I   N5 MiltKS. CON . HACIORS, AND SL'BJECIS OF CON I RACIS 

(.(iniract S'umbrr Contractor Subject 

' 

ÜEM»i 31)7 
NDCrc-IGO 

NtX^rt 120 
OKMtrtIS 
NDCrt-IHI 

OKMsr 17 

OEMitrISS 
OKMir-190 
OEMtt-m 

OEM«rl52 

OEM« -zm 

OKM>r .152 

QEMM-53S 

(;iiii<*|.irMin ;>t"irt! 

C«>iiijtan> tinaiucfl 
OEMur-399 

OEMsi U!) 

OKMuUH 

OiSht \n 

Symbol So. iK.1 
Fundt iranrfcrrcd 

OKMsi t!7 

OF.Mn 157 

UVMv iffi 

oiuhj m 

OEM.w-509 

OEMtr-M» 

S\n»bi)l No, 9%i 
f'HMl» tranrfrntxl 
OKM« 1^ 

OF.Mir-527 

OFM»r 415 

OVM%r .VW. 

or.Mkr m 

OEM«r 391 

N,.iion.il Ai.Kk'iiiy "( Stiences 
I invtMMiN "f Muhi:'..in 

Aim Arltor, Michigun 
(^imt'Kii' Imtilutc ui reclmolng) 

Piculttirgh, Pcnniylvauia 
N!a«iuichu«pll> hutitulc ol  rcrhiiology 

( ambrulgc, SlaMacftiiftelu 
oin« State Univenlty Rru-unh Fouudatiuii 

(^iliinilni'i, Ohio 
MaMachtiiClli Inntitiiir of Icdmutogy 

CamliridKc, Mawachuicitx 
Ohio Stale l.'iilverilty Vjncaicii ('»iinilaiion 

Columbu«) Ohiu 
UiiH-crtily of Mlcbi^vn 

Ann AIINII, .Miilng.,ti 
(-.iW'/.U Univenlty 

Ikihtflirin, Pcimiiylviinia 
J<itt;!,!l Slilploiilding and Dry iisuk Company 

Kearnv. Sew Jeney 
Cx>nil>ii«tioii Engineering Company 

New York, New York 
RtMticu Iron Mui .SIIH'1 Coriiomlion 

Sallimore, Maryland 
Ohio State (iiiivcrsity 

( "lutnlHis, Ohio 
tiaittllc Memorial Inititutc 

Colitmhm, Ohio 
Uiitellr Memorial Intiitnie 

Columbu«, Ohio 
Carnegie Insiiiuic of Technology 

riiuhnrgh, Pennsylvania 
National Einicaii ol üiandards 

WaihiitKUin, I). C. 
Ameiitan Brake Shoe Company 

Mabwmh, New Jeisry 
iUrtcll« Mnnoiial iDtiiliiic 

Oilmnimi, Ohio 
Climax Molybdenum Company 

Uciioit. Mirhigan 
Crane Company 

Cfoieago, Illinois 
Federal Shipbuilding and Dry Dock Company 

(U. S. Steel Corporation) 
Kearny. New Jersey 

l.unkcnheinier Company 
CiniL'sna!'. Ohio 

Manacbuarlb limitute of Technology 
Cambridge, MaMachtwctU 

I lie Midvale Company 
I'hiladeiphia. t'eniMylvania 

National fiuteau of Standards 
WaOiingion, D. C. 

Univcniiy of Michigan 
Ann Arlwu. Mithig:)!! 

X'anadiiun (>>r|MJralion of America 
New York, New York 

I.chißh I'uivenity 
nethlchcm, Pcnmylvania 

Renaelaer Polytechnic Imtitnte 
Troy, New York 

(.oluniliia I'nivcniity 
New York. New York 

Renwclaer I'olvtethnic Inatilute 
Troy   New Ymk 

Metallurgical Advice to OSRD-NDRC 
Literature Survey on the Low-Tempera lure Proper- 

t if* of Metal« 
Steel lor Gun Tube» 

Development of a StilMlltUtc lor Sillimailitc in Pour- 
ing Ring« Used in .S|>eeial r.tcel Foundn Practirc 

Acceptance lest for Fire Brick: Pouring Box Refrac- 
tories 

Dcvelopmcns of Non-Magnetic Armor Steel 

Reiearch Needs in Field of Welding and Summary 
of F.xisiing Knowledge on Welding Practice 

Fatigue Strength of Selected Gun Steels Under Com- 
bined Stras 

Residual Streuet in Cold-Drawn Non-Ferrous Alloys 

Welckbillty ol Commercial Armor Plate 

Development ol Fenitic Aimor Welding Electrodes 

Development of Aimor Welding Electrodes 

Stress Relief of U'eldments lor Machining Stahility 

EffccU o! Hydrogen, Nitrogen and Oxygen in Armor 
Plate 

Correlation of Metallographic Structures and Hard- 
ness Limit in Armor Plate 

Non-Ballistic 'lest fin Armwr Plate 

Beryiiium-Aluminum Alloys for Engine k-arts 

Hcat-Rcsisting MetaU for Gas Turbine Parts 

Heat-Resisting Metals for Gas Turbine P;irts 

Heat-Resisting Metals for Gas Turbini Palis 

Heat-Rcsisting Metal» for Gas rurbinc Parts 

Heat-Resisting Äfctals for Gas Turbine Parts 

Hcai-Rcsistiiig Metals for Gas Turbine Parts 

Heal'Resisting Metals for G-is Turbine Parts 

Heat-Resisting Metals for Gas Turbine Parts 

Heat-Resisting Metals for Gas Turbine Parts 

Heat-Resisting Metals for Gas Turbine Parts 

Heat-Resisting Metals for Gas Tin bine Parts 

FIvaluation of Weldability by Direct Welding Tests 

Evaluation of Weldability by Dirert Measurement of 
Cooling Rates 

Evaluation of Weldability by Correlation of Electri- 
cal and Heat Constants 

SJKX Welding of Annor Piste and Ixiw-Alloy Steels 
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CONIRACT VUMBERS, CONTRACTORS, AND SUBJECTS OF COMRACIS (Continued) 

Contracl Number Contractor Subject 

OEMsr-ir.l 

OEM»r-l50 

OEMsr-492 

Conelation project 
Ruck Islmul Oiianccd 
Correlation project 
{Uni. Island financed 
OFMsr-ftlV 

OEM8r-729 

OEMsr-5»7 

OEMsr 970 

OEMsr-712 

OEMsr-fiM 

OEMsr&15 

OFM.sr-730 

OE!i.fsr-97.r) 

<)KMsr-97l 

OEMw-721 

Svmlwl I720A 
Fundü transfer red 
()KMsi-722 

OEMiir-731 

Correlation project 
Naval research 
Latxiratory financed 
Correlation project 
Coiapany financed 
OEMsr-72« 

OEMsr-9fi9 

OEMar-771 

OEM«i--755 

OEM«rlI25 

OEMsr-SIO 

llattelle Memorial liistllule 
Columtnts, Ohio 

Bändle Memorial hmiiutc 
Colunibus, Ohio 

John A. Roebling'a Sons Can>[>any 
Trenton. New Jersey 

Rock Island Arsenal 
Rock Island, Illinois 

Rock Island Arsenal 
Rock Island, Illinois 

Univenity of California 
Berkeley, California 

liaiiellc Memorial Institute 
Colutnbusi Ohio 

Massachusetts Institute of Technology 
Camhridge. Massachusetts 

Buick Motors Division 
General Motors Corporation 
Flint, Michigan 

Trojan Powder Company 
Aileniown, Pennsylvania 

U, S. Pipe and Foundry Company 
nnrlingum. New Jersey 

New Jersey Zinc Company 
Palmerton, Pennsylvania 

Itattclle Memorial Institute 
Columbus, Ohio 

Knick Motor Division 
Ccneral Motors Corporation 
Flint, Michigan 

llnick Motor Division 
General Motors Corporation 
Flint, Michigan 

Battellc Meniurial Institute 
Columbus, Ohio 

National Bureau of Standards 
Washington, I). C. 

Staltelle Memorial Institute 
Columbus, Ohio 

Hattellc Memorial Institute 
Columbus, Ohio 

Naval Research Laboratory 
Washington. D. C. 

American Brake Shoe Company 
Mahwah, New ferscy 

rnivcrsiiy of Notre Dame Dn I,ac 
South Bend, Indiana 

llnick Motor Division 
General Motors Corporation 
Flint, Michigan 

Carnegie Institute of Technology 
Pittsburgh, Pennsylvania 

Carnegie Institute of Technology 
PUtsburgh, Pennsylvania 

Research Laboratories Division 
General Motors Corporation 
Detroit. Michigan 

Research Lal>oratory 
Westinghouse F.lectric and Manurarluring 

Company 
East Pittsburgh, Pcnnsylvanii* 

Flash Welding of Alloy Steels for Ordnance 

Improveincnt of Low-Alloy Armor Steels 

ConosionTjiigue Failuic of Aircraft Control Cables 

Welding Face-Hardened Armor 

Stress Relief .)f Welded Joints 

Properties and Heat Treatment of Magnesium Alloys 

Fatigue Properties of Magnesium Alloys and Struc- 
tures 

Determination of the Effects of Flame Hardening on 
the Ballistic Properties of Pre Heat-Treated Homo- 
geneous Armor Plate 

The Development of a Process for Manufucturing 
and Welding Face*Hardened Armor Plate 

Direct Explosion Test for Welded Armor and Ship 
Plate 

Improvements in and Extension of Centrifugal Cast- 
ing Methods for Production of Miscellaneous War 
Materiel Items 

Prevention of Stress-Corrosion Cracking of Cartridge 
Brass hy Protective Coatings or Surface Treatment 

Properties of Malleable Iron Castings for Use in Tanks, 
Combat Vehicles and Other Military Applications 

Development of Processes for the Manufacturing and 
Welding of Homogeneous Armor Plate from Non- 
Alloy Steels 

Development of Processes for the Manufacturing and 
Welding of Case-Carhurized Armor Plate from 
Non-Alloy Steels 

Investigation of Boron in Armor Plate 

Investigation of Boron in Armor Plate 

Examination of Enemy Materiel 

Analysis of Heat Flow in Metal Molds for Centrifugal 
Casting of Gun I uljes, Airpl inc Cylinders, Tank 
Bogey Wheels and Other War Materiel 

Bibliography on Centrifugal Casting 

High-Temperature Torch for Welding and Surfacing 

Metallographie and Physical Properties of New Types 
of Gttn Steel» 

Investigation of the Use of Special Non-Alloy Steels 
for Armor-Piercing Capped Shot 

Improvement in Wrought Gun Tubes 

Improvement in Gun Steel Ingot Practice 

Kffccta of Shot P,!:i%:i:!g on Msrhanical Properties of 
Steel 

Heal Treatment of High-Temperature Alloys 
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CUMRACI   MMIU.RS, CUN TRACTORS, AND SUBJECTS OF COMRACIS 

(.<it,tiafl Sumhri Contrartor Subject 

iCdtiliniinl) 

■ 

:.' 

oeMir-8S9 

ocMuaia 

OEM«r-902 

oeM«r-909 

OF.M>r8'>l 

Oi:M«r-8fri 

OEM» 07? 

0£Mtr-9t2 

OEMsrliao 

OKMu'i7S 

OKM»r()75 

OEMir^K 

ORMir t^HH 

(^jftelaiioii projcci 
CcHtlfNiny linarunl 
OEMirlOM 

OEMur 1071 

OLMtrlOSO 

OEMtr I0W 

OF.Mir I0S3 

or.shi nxa 

OFM«r IIOS 

OEM«t I0HS 

Of.Mn 1187 

OKÜ!« Hiß 

ofMs-isr 

OEMw-mi 

(JM: ■•ihiiol of Applied Science 
Cleveland, Ohm 

I nivenit) ■)' Califontia 
liciki-ley, California 

ferro Enamel Curporaliun 
Cleveland, Ohio 

['.:: i\ und Barton Corporation 
I »union, N'.i-..:!! hi''; ir i 

liinkcn Roller Bearing Company 
C^inion, Ohio 

Carnegie inttitute of Technology 
Pitttburgh, Pcnmylvanla 

i'cnsiiylvania Stalf College 
State Oillcge, Pennsylvania 

MasvachiKetti Imtitute of Technology 
(^nnliridge, MasMchusetU 

Mavtathutclt* Infinite of  Icilmology 
(-.imltrldgc, Massadumcttn 

Research Laboratenry Divition 
General Motors Corporation 
Uciroit, Michigiui 

California isünitiüe of Technology 
i'a«adena, California 

California Insiiimc of Tcchno.'ogy 
fawdena, California 

Carnegie limiiute of Technology 
i'iiulmrgh, Pennsylvania 

Batteile Memorial {nstitutc 
ColunatHis, Ohio 

Cencral Eleci'ic Companv 
Research Laboratory 
Schenectady, New York 

American Brake Shoe Company 
Mahwah, New Jersey 

I'niversity of Minnesota 
Minneapolis, Minnesota 

University of C^ilifornia 
Berkeley, California 

Reits*elai-r Polytechnic Institute 
'Troy. New York 

l,i'hi;',h University 
Bethlehem, Pennsylvania 

Rensselaer Polytechnic Insiitnic 
Troy, New York 

Renssclser Polytechnic Institute 
Troy, New York 

General Electric Company 
Schenectady New York 

Carnegie Institute of Technnlogv 
Piilsburgh, Pennsylvania 

Air Reduction Company 
New York. New York 

Mas*achuftetts Institute of Technology 
Cambridge, Massachuseils 

t.'nivcnity of CaiiWtiia 
■ TCI tat. ■«. ^ ,   «*>,*, .r« ..!» 

I'nivenitv of C'aliforoa 
Berkeley. Cafilorrii.i 

Buitell'  Memorial Inttitute 
I jilnmlxi«. Ohio 

Correlation of Informution Available on the Fabri- 
cation oi Aluminum Alloys 

Foimability of Magnesium Alloy Sheet 

Development of a Suitable and Noncritical Fused 
inorganic Coaling for Cooking Utensils and Other 
Quartertnisüier's Items 

Flatware for Army Use 

Control of Basic Open-Hearth Melting Practice for 
Manufacture of Wrought Gun ä üb« 

•'lastic Flow of Aluminum Aircraft Sheets Under 
Combined Loads, I 

Plastic Flow of Aluniinum Aircraft Sheets Under 
Combined (.oads. II 

Effect of Locked-Up Straucx on Ballistic Performance 
of Welded Armor 

Metallurgical Studie» md Surveys of Army Quarter- 
master Corps Supplies 

'Treatment of National Emergencv Mcels for Use in 
Tanks, Combat Can. Gun Mount!: and Other 

Ordnance Materiel 
Radiographic and Fluoroscopic Methods of Inspec- 

tion of Spot Welds ii>   Juminum Alloys 
Non-Destructive Testing jf Flash Welds 

Acceptance Tests for Plain Carbon Stc»;l Gun Forg- 
ings and Other Ordnance Eorgings 

Non-Melallic  Welding  Bark-Up Strips for  Armor 
Plate Joints 

Bi-Mctallic Rotating Band» for Projectiles 

Experimental Production of Pil.U Sialic and Cen- 
trifugal Castings for the Armed Services 

Study of Density-Volume Changes Associated with 
Phase Changes in Cartridge Brass 

Residual Stresses in Ship Welding 

F'valuation of Factors Affecting Crack Sensitivity of 
Wdded Joints 

Method* of Testing Weldabllity of Steel Plates and 
Shapes 

Physical and Srress-Corrosioti Properties of Magne- 
sium Alloy Sheet 

Spot Welding of Magnesium Alloy, 

Ucvclopment anil Extension of Precision Casiing 
Methods for Production of Miscellaneous War Ma- 
teriel Items 

Information Characteristics of Magnesium Alloys 

Effect of Oxygen Cutting on Weldability of Armor 
Plate 

Investigation of Factois Reducing the Effective Duc- 
tility of Welded Steel Mcmlwrs 

History of Residual Stresses in Welded Ships 

Behavior of Steel Under Co^dili<>m of Multiaxial 
Stresse« and Effet t of Welding and Temperature on 
this Behavior 

Developmeni u( Imprnvcd Electrode Coalings 
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COMRACI   NUMBERS, CONTRACTORS, AND SUBJECl'S OF CONIRACIS (Couiinurd) 

Contract Sumbei Conlractur Subject 

OEMsi I2i7 

OEMgr-1268 

OEMgr-1249 

OEMsil2(ir. 

OKMsr I'irtfi 

OKMsr-SlK 

Correlation project 
CoroDany financed 
Correlation project 
Company Rnancei] 
OKMsr MM) 

OEM«r-IS23 

OEMnr-lSSI 

OEMsr-l34.ri 

OEMsr-lSfiZ 

OEMsr-Hßf) 

OEMsr-llOO 

OEMÄr-HI8 

OEM«rH21 

OF.Msf-l^fi 

OPMür-1471 

Illinois Institute of Technology 
Cluragu, ilhiini, 

General Electric Company 
Schenectaily, New York 

I.cliigh University 
Bethlehem, Pennsylvania 

Carnegie Institute of Technology 
IMttsburgh, Pennsylvania 

Vaivadium Corporation of America 
New York, New York 

California Institute of Technology 
Pasadena, California 

American Brake Shoe Company 
Maliwah, New Jersey 

American Brake Shoe Compaii;' 
Mahwah, New Jersey 

University of Piiisburgh 
Pittshurgh, Pennsylvania 

!,.;'!iii;li University 
Bethlehem, Pennsylvania 

Batieile Memorial Institute 
Columbus, Olro 

Battclle Mcmori ii Institute 
Columbus, Ohio 

Cxirnell University 
Ithaca, New Yorl; 

Rustless Iron and Steel Corporati'' 
Baltimore, Maryland 

Battclle Memorial Institute 
Columbus, Ohio 

University of California 
Berkeley. California 

University of Illinois 
Uibana   Illinois 

Carnegie Institute of Technology 
Pittsburgh, Pennsylvania 

Pennsylvamia State College 
State College, Pennsylvania 

Behavior of Steel Uiulcr Conditions of Muttiaxial 
Stiess and the Effect of Metallographie Etructurc 
and Chemical Composition on this Behavior 

Study of Effects of Surface Pre-Stressing on Dynamic 
Properties of Metals 

Effects of Impurities on the Ferromaguetism of Non- 
ferrous Alloys 

Prevention of Cracking in Gun Tulws 

Development of High-Stiengtli Gun Steels 

Behavior of Meials Under Dynamic Conditions 

Hardciiability of Cast Steels for Use in Ordnance 
Materiel 

Heat Resistant Alloys for Ordnance Materiel and Air- 
craft and Naval Engine Parts 

Timc-Tcmperature-Hardness Relations in New Gun 
Steels 

Weldaliility of Steel for Hull Construction 

Investigation of Meiallurgica) Quality of Steels Used 
for Hull Construction 

Metal and Ceramic Materials for Jet Propulsion De- 
vices 

Fatigue Tests of Ship Welds 

VVeldability of Heal-Resisting Alloys 

Development and Evaluation of an Economical Cor- 
rosion Resisting Alloy for Qi'artennaster Items 

Cleavage Tiicturc of Ship Plate as Influenced by De- 
sign and Metallurgical Factors 

Cleavage Fracture of Ship Plate as Influenced by Size 
Effects 

Correlation of Laboratory 'tests with Full-Scale Ship 
Plate Fracture Tests 

Correlation of laboratory 'Tests with Full-Srale Ship 
Plate Fracture'Tests 

I 
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SURVEY PROJECTS 

l'i njrct So. Subject 

SP'2 !inluviii.il Applicatioiif (tl Ctinxinitni ri.nm,; 
SI'-.1» CJiirrcm Duiü, on ,VI«icd Alloys Suilaltle lot High-Temperature Service in IV.xs Turbine IIIKI Super 

dtargerParu (N-102) 
SP-fi Atntratl of Otufidculiul Kejiori on Nickel in f.ip.iii 
SI'H Propoied Research Project: Rivcli und Rivet Steel» 
SP-IO Maihetnada Underlying ilie Centrirugul Outing of Met.ils (OI) lOh^ 
SP 11 Silver Plating of Steel Flatware 
SP-12 An Investigation of the Present Status cf MuKne.tiuni Alloy Sheet in the Aircraft Industry 
SP-II Centrifugal and Precision CisiinK of N'onfcrrou» Alloy»: Mcthmh of Pretision Casiing of Metals 
SP-15 High-Tempcraiure Properties of Light Alloy» (NA-137) 
SP-IO Rare Metal Electrical Contacts 
SP I" live Effect of Impurities in Aluminum Alloy» (NA-II9) 
SP-18 Katigue and Impact Characteristic* and Notch Effect in Tension of Artificially-Aged Aluminum 

Alloy» (\A.I26) 
SPIO Review »I Literature on Rehavior of Metals Under Multiaxial Strctse» 
SP-23 Mash Welding of Aluminum 
SP-2! The Test Method» of the Material» Laboratory, Engineering Division, Air Technical Service Com- 

mand, Wright Field, Dayton, Ohio 
SP-25 Sire»» Analysis of Welded Sections 
SP-2ß A Survey of Research on Ma^nesiimi and Magnesium Alloys Rcing Conducted by Government 

Agencies, Branches of the Armed Service», and Producers and Fabricators of Magnesium 
SP-25 Fatigue Properties of Aircraft Material» and Structure» 
SP 2« Field Service in Welding High-Strength Structural Steels (OI)-3li-2) 
SP-29 Field Service on the Repair Welding of Cast Armor (00-36-2) 
SP-30 Suggested Research on Aluminum Alloys from Members of the Aircraft Industry 
SP-.1I Prnpertic« «f Sheet Material» for High-Temperature Service 
SP-33 llibliography on the Damping of Metal» 
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Aberdeen Proving Ground, armor plate 
testing, 'AH 

Adhesive Johns (or magnesium alloys, 21 
Aerojet   Engineering  Corporation,  ce- 

ramic nozzles for rockets. HF> 
Air Reduction Company, effect of oxy- 

gen nitiing on wcldahility, IM 
Aircraft armor, 38,49 
Aircraft control cables; see Control ca- 

bles, .urciaft 
Aircraft materials, 11-33 

aluminum alloys, 11-17 
armor, 38,-19 
casting hollow round billet, III 
control cables. 27-29 
fatigue, 32-33 
hcac-rcsisting alloys, HI, 81 
magnesium aJtoys, 17-27 
molds tor casting cylinders, 1Ü9 
nonmagnetic armor plate, 49 

- »ig method». 32-33 
.'■   .i^hos (special alloy steel), 119 
Allegheny I.milnm Steel Corporation, 

heal resisting alloys, HI 
Alloys  for high  temperature use; see 

Heat resisting alloys 
Aluminum alloys, 11-17 

aluniiniiiii-berylliuin. Hi 
bulge lesis, 1-1-15 
casting, 112 
cold rolled »beets, 11 
(ompressinn lest, 15 
fabrication. 12-Hi 
facigue, 13 
flash welding. 90 
formability limits. I,'i-!(i 
formability tests. li 
handlKMik of properties, 12-13 
high-strength alloys, 12-13 
hot forming, M 
plastic forming. It 
radiographic and fluoroscopic inspec- 

tion of :spot weltls. 98 
sheet metal behavior, 14 
stress-strain relationships. IS 
tension test, IS 
test results, 15 
welding. 98-99 

Ahiminiim-licrylliitm alloys, Iti 
American Brake Shoe Company; ccn- 

trifug-.ii casting, 111 
hardenability of cast steels, 45, 129 
beat resisting alloys, 81 

Ammonia corrosion lest for brass car- 
tridges, 7.1 

Ammunition, 74-80 
armor piercing shot. 71 
cartridge br?ss. 7I-T7 
driving bands. 78-80 

Applied Mathematics Panel, centrifugal 
casting. 109 

Arc welding; heal How dining. 97 
weld metal porosity during, 90 

Armor piercing shot.. 71 
Armor plate, delects; back spalling, 35, 

13 
cracking, 3") 
fracture, 35 
gas impurities, 11-12 
inieigianiilar fracture. 12 
quench-crack siuceplibitily, II 

Armor plate, fabrication;  beat treat- 
ment and tooling. ■16-19 

flame hardening. 37 
flame softening, 37 
gas carburi/cd. 3H, 91 
melting practice, 45 
quenching, 12 

Armor plate, improvements, 30-19 
Armor plate, materials; boron alloys. 

39-16 
lerrosilicon alloys. 38-39 
high-alloy steel, 16-19 
low-alloy steel, 38- l(i 
nickel alleys.-10 
non-alloy steel. 38,91 

Armor plate, testing. 31-37 
bend testing, 35 
effect of impact velocity of projectiles, 

35 
non-ballistic test, 31 
notch-bar fracture test, 35 
recommendations for further work on 

testing, 30 
testing welded armor, 36, 88 
testing with explosives, 30 

Armor plate, types; cast armor. 15 
lace-hardened armor, 37-39 
heavy armor plate, '10-19 
nonmagnetic plate for aircraft. 19 
rolled homogeneous. 31 

Armor plate, welding. 87-9!» 
ausienilic electrodes, 88, 92 
electrode she, 93 
ferriticelectrodes. 88 
methods, 88 
oxygen cutting. 93 
recommendations for impiomnen». 

93 
repairing cast armor. 95 
resistance welding. 98-100 
spot welding. 98-99 

Ausienilic cleurodes, 88. 92 

llainiie strtirlurc of steel, (8 
Hattclle Memorial Institute; !x)roii steel 

for armor plate. 40 
rase toughness on face-hardened 

armor. 38 
rhrominm-base alloys. 83 
examination of enemy metallurgical 

matcriai, i 14-llfi 

flash welding alloj steels. 90 
gases, edeit on armor plate, 11-12 
heal How in metal molds, 109 
heat resisting alloys. HI 
lioinogeiii/.ing heal ireatni'-ni of ar- 

mor, II 
improved electrode coalings, 90 
malleable iron in combat vehicles, 107 
metal and ceramic materials for jet 

propulsion, 85 
steel endurance against heat. 10 
sieel for hull construction. 101-105 
welding backup strips. 93 

Beams, metal, effect 61 impact loading. 
123 

Itending properties of aluminum alloys. 
1311 

Beryllium-alumimna alloys, 10 
Bore defects in gun tubes, 64-66 
Bore photography of guns. 00 
Bore quality index for guns. 0<t 
Boron as a substitute for molybdenum 

in steel, 10-11 
Boron treated steel; for armor piercing 

shot. 71 
in armor plate, 37. 39-11. 19 
welding, 91 

Brass cartridge cases, 71 
Brass casting. 112 
Buick Motor Division of General Mo- 

tors; case carbnrized armor plate 
from non-alloy steels, 38. 91 

fate-hardened armor plate, mfg. and 
welding, 37,91 

lioniogcneous armor plate, 11 
non-alloy steels for armo<   pieicing 

shot. 74 
lltilge lest, circular hydraulic, 14. 15 
Bulge tests for sheet metal. II 
Bulge tests on aluminum alloys. 11-15 
Bureau of .Standards; see National Bu- 

reau of Standards 

Cable hibricants, 28 
Cables for aircraft; jr/- Control cables. 

aircraft 
California Institute of Technology; non- 

(Üestructivc tests of flash welding. 
99 

plastic deformation in wires and bars, 
120 

Camouflage of mess gear. 1,19 
Carbide nozzles for rockets. 85 
Carbon steel; army flatware. 117 

forgings. 129 
galvanized cables. 28 
hardening. 70 

Carnegie Institlitc of Technology; car- 
bon sieel forgings. acceptance 
tests. 129 

cracking in gun tubes. 07-09 

CONFIDENTIAL 107 



m INWKK 

■ 

lirt'irnutioii clMnicteritiio »i HMftW 

improvctneni <>( fptn »i«l ingtit \iiit( 
lice, 61 

iropiuvctniiil <>( wrought ^nn ml«-«, 
53.56 

linn tMliittic UM tut armor plate. 31 
|il,iMit i!i<u «if altiinitium allo* theel*, 

ii 
i';tiliii^ta|ihic and (luonKropic iiifftf- 

liofi of ■\si>t tveltb, !!.'* 
»hip ptaic fraciurt! letu, 102 
lesuol gun tiilicc|iialiiy, M 

t .utriiJK«1 bniMi 71-77 
.iiiniciliiig, 77 
(iiirinioii (luring forming, 77 

de« ltdphiiiitg. 7.'i 
nrgant« coatittgii, "'■> 
»ircin rliminaiiuii. 7<>-77 
mrcM-rurriMioii, 7r>-77 
imliur ronipmsion. 7(i 
\-rav recsuurcBientii of »tro«, 77 
/ii« ciKiting. 7,'i-7t> 

(jiriridge ta«»; trr Cartridge bratM 
(äirlridge (oating (im>[Hiuii(l. 7ii 
('.•M armor; liaaimahilitY. 15 

rc|Mii(-(l !)> welding, fJTi 
(,ni fleet; hardcnabitiiy of alloy steel. 

Ill» 
mechanicat proju-ttie». 107 
leni|>rralitic rffectt, 107 

(^Hting   tnvihod'i:   i  !>ijiii;'.;..i   (attitig, 
lOH-lll 

diHuiillio with .diiitiiitiiitiiM-ivlliiltn 
alloy«. H' 

foi aiiiniinum alioss. i II.' 
Utt niagimiotn alloys, '„'O 
"lim wax" proccM) 112 
pretblnn raitting. Ill-lt.1 

( eiitiifiigal raiting, Uli HI 
lilanki lor (»11 liraring race*. 111 
((itn|MMiir grinding rolls. Ill 
duplex metal easiuig of r<teel within 

(tip|>cr, III 
eml (onnecUons for laid, treads. 110 
heal flow in metal molds, 1WI 
(»»Ihcnsatirs of, Kill 
method«, 110 
mortitr hurrrl«. 110 
retoilolimtirtti, !I0 
use of monel metal, 110 

Ceramic noitla for rockets 85 
Chxrp)' impirl lesi far gun iiilie*. Tit 
r.hnimiurn and rhntmium plated no/ 

ficn for rxitkets, 85. 8fi 
Chromium plated gum. 127 
riuoinium steel alloss. properties of. 8S 
"Chronak" protection of rint surfaces, 

7fi 
riifiilar hydraulic hlilgc le»t. II lr> 
(limax   MoIyUleunm   Compam.   new 

hraiii-sisting allovs. 85 
{"(xitings for cartridge. 70 
CiMlingx for cooking utensils. 117 
rohalt base alloss. 82 
fold noiking itirfaCO of metals. 20 31 
Odd mile«! aluminuni allos sheets. II 

(olumliia I uivi.'isily, inalln-ui.itical 
stud) oi heat flow during an 
Wt-kling. 91 

(.oinbusiUwi EngiitceTiiigCompany; 
electrodes for welding heavy cast 
armor. 95 

Icrritic electrodes, 89 
Compression tests for sheet metal, 15 
Contra] cables, aircraft. 27-29 

(orrctsiun fatigue, 28 
b'ti^ue failure, 28 
galvanized carbon steel (able*, 28 
intemai friction, 20 
lubricants, 28 
|>eiformancf lesf», 28 
service load test», 28 

OtHiking utensils, inurgiinic (oalings for, 
117 

Coironiun; Alcuphosalloy, 119 
cartridge brass, 7-1-77 
cooking uieiisils, 117 119 
flatware for Arnsy, 117-118 
magnesium ;d)i>v», !JS-"5 
s[r.ii;d alloy »tccl. 119 

(.nuking   susceptibility    test   for   gun 
tubes. 68 

Crane Company, heat rc<>iistiug alloys. 81 
Crucible Steel Ckrmpany. heat resisting 

alloys, 81 
Cupola malleable iron. 107,108 
"CyiSe-wcld" joints in magnesium al- 

loys. 21 

l)i( hromatc treatment of magnesium al- 
loy surfaces, 23 

Dihtumcler, high speed, 45 
tfiliitomciric studies of armor, 15 
Dimpling magrscxium alloy sheet. 19 
Division 18, NDRC; ser Wat Metallurgy 

Division. NDRC 
Dowmetal alloys, 18 
Drawing magnesium alloy sheet. 21 
Driving bands lor projectiles, 78 HO 

ttimetal, 78 
duplex-baud, 78 
foi 10 mm projectiles, 79 
lor 37 mm projectiles, 79 
for 3 in. projectiles, 79 
Cermati, 119 
sintered iron, 78 
recommendations for further research. 

80 
Ductility lo tain tubes. 53 

Eddy current test for flash welding. W 
Elettrodcs for welding; austcnilic elec- 

•i «Kirs, 88 
coating*, 60 
(cimposiiion and [rmpertics. 92 
Icrritic clcrtrodes. 88 
!iir heavy cast armor. 95 
for bigb-strength titmclural steels. 95 
SRC-2A dectrcKifs. 89.91.95 
i ij in. diameter clectrcMlcs, 93 

F.lli),tical hydraulic bulge test. I MS 
} inbritlling agents in magnesium alloys, 

26 
Enemy material, studv of rapturrd 

etpiipmcnt. II l-lln 

Krusiou of gun steel. 52, 5i 
Etching icfbniejue lor magiMxium alloys, 

26 
Expiostves foi testing ai-n:jr, Sti 
Explosion tests for welded armor and 

ship plaie. 92. I()l 

Face-hardened armor, 37-39. 98 
Fatigue of metals; aircraft structures, 

32-38 
aluminum alloys   13 
gun steels, 72 
magnesium alloys. 20-21 
ship welds, 105 

Federal Shipbuilding and Drydock Co., 
beat resisting alloys. 81 

Fcrritic electrodes, 88-9I 
Ferro Enamd Corporation, (used coat- 

ings for cooking utensils. 117 
Ferromagnetic impurities fit nonferrous 

alloys. 120 
F'eiTosilicon. use in carbuming steel. 38 
Flame hardening of metals. 29. 37 
Flame softening of armor plate. 37 
Flash welding. 90 
Flatware for Army use. corrosion pre- 

vention, 117118, 119 
Fluoroscopic inspection of sjwt welds,98 
Furging magnesium alloys, 20 
Fotn:abiliiy of aluminum alloys. 13-10 
Forming magnesium alloy sheet, 23-20 
10 mm Ml gun tubes; bore defects. 05 

yield strength. 05 
10 mm projectile, driving hands. 79 
Foundry materials and processes. 107-113 

centiiftigal casting. 108-111 
malleable iron. 107-108 
precision casting. 111-113 
refractories, 119 

Frankford Arsenal driving band tests.79 
Friction in aircraft control rabies, 28 
Fungicide testing methods for aircraft 

materials. 32 

Gas carbim/ing armor, 38 
Gas turbines, heal resisting melals for. 

81.85 
Gaseous elements in armor plate, -11-12 
General Electric Company; driving 

lunds for projectiles. 78 
heal resisting alloys, 81 
induction hardening. 31 
precision casting of war materials, 112 

General Motors Corporation; rouling 
rates of heavy armor plate, 17 

heat treatment of NE steels. 128 
shot blasting steel, 29-30 

German aircraft cables. 29 
German driving baiuis, 78 
German war prodm is. Allied study. 1II- 

110 
Glue testing methods for aircraft mate- 

rials. 32 
Grain stnuture of magnesium alloys. 20 
(irainal•treated nonalloy steels. 74 
Gucrin press. 21 
Gun device for emliedding studs in 

metal piatc, 30 
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(•im sicfl iiitcl ^uns, .'il 73 
Gun NI«TI>; faugtH! »imigtli. 72 

hardeii;!l>i!itv,(i()-73 
hral ireatmcnt, (t9'72 
iriKttl pnitiirc, (H-(Ki 
melting prattkcs, 60-67 
new type», 7!J 
quality, SI-&I 
recommCndadous foi lUrthci'research, 

73 
rolling am! piercing practice, 0(1-07 
liiiic-icmptratiire-h.'HdiK-s« rclatiott», 

70 
(•nn IIIIH;..; angular fracture, 01 

l«)rc' defects, Ol-0fi 
cracking prevention, 07-09 
erosion, 52 
(brgings, 57, Oti 
lioinoRcni/ation, <M 
impact resistance, 52. 54 
maximum tougimess, 52 
performance, 53 
progressive stress damage, 52, 53 
quality, 57,66-67 
quench cracks, 08 
reasons for failure, 52-55 
»«amlcss, 57,0-1 
siackqncndiing, 7i 
ira'-svene impact, 00-01 
transverse reduction of area, 52, 57, 58 
upsetting, 01 
yield strength, 52, 59 

Gun tidies,specifications, 53,55-50.03-01 
Gun mlies. tests; cracking susceptiliiliiy, 

68 
fatigue strength, 72 
Jotniny ic«t, 70 
macroetch test, 51 
pnwf firing teat, 5-1-55 
statistical analysis of remits, 55, 50 
transverse Charpy impact. 51 
transverse tensile test, 51 

(inns, casting small parts, 112 

H plate testing-welding, H9 
Hadficld's manganese steel, 19 
Hardcnability of alloy sled, 129 
Hardcnahility of steel, 15. 47. 09-73 
Havnes Stellitc Company, heat resisting 

alloys, 81 
Meat How in metal molds, 109 
Heat resisting alloys, 81-80. 111 

centrifugal casting, IM 
chromium alloys. 83 
creep tests at different temperatures. 

82 
<lamplng capacity, 84, 80 
for aircraft. 81.84 
for gas uirhines and turliosiipercharg- 

eni,8l 
lor naval engine parts, 81 
for rocket nor/les. 85 
for rockets and jet propulsion devices. 

85-86 
forged and cast alloys. 82 
laboratories engaged in work. 81 
recommendations for further research, 

83. 86 

vvel(l:)l)lliiy.81 
Heal treatment of magncsinm alloys, 19 
Heliarc welding of magnesium alloys. 21 
High  frequency surl.nc hardening of 

meula,29 
High temperature: alloy»; ir«1 Heat resist- 

ing alloys 
High-alloy  homogeneous armor steel, 

10-49 
Homogenization of armor; MV Low-alloy 

homogeneous annor steel 
M<:.nogfni<'ati(>n of gun uihes. frj 
Hot forming of aluminum alloys, 11 
Hot forming of magnesium alloys, 23-25 
HThullstesls, KM 
Hull »ice! weldability, 101 

Illinois Institute of Technology; ship 
steel, effect of stress. 102 

Impact resistance of gun tidies. 51 
Impaci studies of metals. 120125 

compression impaci, 122 
effect of rapid loading. 125 
impaci on beams, 123 
impact on plates. 123 
impaci velocity, effect on tensile prop- 

erties. 121-122 
strain rates, effect on tensile proper- 

ties, 124 
Impact lest for gun tubes, 51 
liuluction hardening of metals, 32 
Ingoi practice fsteel), 61 
Intergranulnr fracture of steel, causes, 12 
International Harvester Company, 

NRC-2A electrode, 91 
Iniernational Nickel Company, Inc., 

heat resisting alloys, 81 
Iron, malleable; see Malleable iron 
Isothermal quenching of armor, 43 
I/od bar, 36 

Japanese aircraft cables, 29 
Japanese war products, allied study of, 

114-110 
Jet  propulsion  devices,  heat  resisting 

alloyt ami ceramics. 85-80 
Jominy hardenabilily curves. 73 
jominy hardenabilitv test. 70. 73. 97. 

128129 

IxKid-licaring  copper  alloy  scrap,  re- 
claiming. 128 

Leather   testing  methods  for  aircraft 
materials. 32 

Lchigh University; effect of impurities 
on lerromagneiism of nonferrous 
alloys. 120 

stress elimination  in nonferrous al- 
loys. 70 

weldability of hull steel. 101 
welding tests, 90. 97 

Liberty ships, study of stresses. 101 
Lithium soap lubricant for low temper- 

atures. 28 
Low temperature propertic»  'f meta's. 

119 
Low-alloy  homogeneous  armor  steel. 

3916 

effcel of boron, 39-10 
effect of gaseous elements, 11-12 
heal treating effects, 13 
homogeni/ing treatment, 11-10 
quench effect. 42, 13 
stnuimc investigation, 12-13 
tempering praciice, Id 

Low-alloy iteels, S|M>I welding, 98-99 
Lubricant testing methods, tor aircraft 

materials, 32 
Lubricants, low temperature, 2^ 
Liider's lines, 15 

Macroetch test foi gun steel, 51 
Magnesium alloys. 17-27 
Magnesium alloys, fabrication; bead 

forntingi 25 
<leepdrawing at high temperatures. 

24 
forging. 20 
Guerin press, 21 
heat treatment, 19-20 
methods of making joints, L'O 
sheet formation. 23-26 
shot peening, 30 
shrink flange foi'inatiom, 21 

Magnesium alloys, properlies; damping 
capacity, 19 

deformation characteristics, 20 
liitignc properties, 20-21 
forma bill i y, 23-24 
fracturing, 26 
lir.iiiations for aircraft, 21-22 
mechanical properties. 17-20 
notch efficiency and sensitivity, 17-19 
problems, 17 
stress effect of ductility, 20 
stress-corrosion. 21-23 
stress-strain, 23,20 
stretch forming, 25 
tensile strengih of sheet, 18 

Magnesium alloys, recommendations lot 
further research, 20-27 

Magnesiui   alloys, testing; bend tests, 24 
corrosioü-faliguc tests, 21 
sample si/e. effect on tensile prupcr- 

tics. I« 
Magnesium alloys, welding; heliarc- 

welding, 21 
spot welding, 98 

Magnetic materials, nonferrous allo)*, 
120 

Magnetic powder lest for flash welding, 
99 

Magnetic stability of aircraft armor, 19 
Malleable iron, 107-108 

comparison '-vith cast steel. 107 
cupola malleable. 107 
effect of elevated temperatures, 107. 

108 
effect of impact, 107 
lor combat vehicle«, 107 
for steel substitution. 107 
mec'ianit;'! properties. 107 

Manganese, Technologic Committee on, 
1 

Manganese for armor plate. 37 
Manganese steel, non-magnetic. 19 
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i 

M.iiii'ti«iii( tiitK mil'nf «u-rl. \i'>, W 
M.t«M(liiiM'ii^ lintitlltc o(  I (-cli!)t>tu;;\ 

.nirKii |il.iif. Ham« hardening, ■>'< 
liral CHI^IIII^ .!!lo\!i. Ml 
HieuiUutgftal niMlir« of QuaiU'rma»- 

irr «ij»!»!!^. UK 
■Hminsignetk armoi MCCI, tl» 
nülitiiiinisr '«silrttituie, 113 
»rldcul K-rmoi, MroAei, B9 

■vSi.iiirtg proem (m Heel, 15, (ifl 
MRW g»Mr camouflage, 119 
Mfta!», behavior; aanpreMlon impact, 

122 
hinh lemperaiure us«:, Hi-H<i 
impact liwiliuj,;, 120 
uäV|Kjci m\ beams, 123 
impact »vi pluK'», i2.;i 
imjjiH) vi-!»«itv.«'ilFr<s on icnitlc |IM>I>- 

m)«*«. 12MS2 
(«nv tetnpenttuK'prupcrttcti, 8 It» 
muiiiaxial «trau, 101 
lapni laadiitR. 12'> 
Mr.iin laii'.flf«! on tenii'u- projMinic», 

I2t 
Metal« foi electrical rontactt, rare, !27 
Microtompnmion urn, l.' 
MK. rinirunure of <it't*l prefcrrecl im 

shock reslitanre, '3 
^ili^l^^^l■tl*i<vn lot, l.l 
Mklvai«!'Company, hen reüiiitinK allot«, 

%!«\f<i «reitling «'ImriMlc. (4W 
\U>hU (m rcnliiftifal casting, 109 
Mo'tar IwrrcU. ccnirifugal ca«ting. !!*> 

National Kitrcitu oi Stanilarcii; IMIKHI In 
armor plate, 39 

hot rtsbdng atloyti HI 
pttyslcai pTopntio i'f Mr»'!, 10 

National cHJCigcnty •»«•eh (NE iteel), 
41.128 

N«-« ]vise\ Zinc Company, prevention 
of Mms-cornMian of cartridge 
hra«», 7,'» 

Nod alloy «titrl for armor plate, 3rt, iM 
Noufi'ViotH aHoyit: sr? nlut Heal ratiit- 

inf* alloy» 
aluminum alloyi, 1117, 112 
rhmiiiiHmltenllimn. IÖ 
hnm, 74-77, «12. 120 
hromc, 12« 
cntotninm alkm. MS 
uijijM'i .illiiv wrap, lead iicarini;, I2rt 
Howmctal, 1» 
effwt of impnritia on foriontagnci 

Um, 12»» 
ma|tnc<ii«im alloy«, 17 27 
pl i-.inuni alloy«, I2H 
<\tftn* eliminaiitm, 7() 

NontnagMlii ailov« for lirtrafi. I2rt 
Nnnmaftiifiii armor pl.iic for aircraft 

19 
Nonmrullu wrldiiiR luckup snips, 93 
Notch rffifimnes of maunrsiiim alUns 

1« 
Notched 'vir imjuu tests for metals. IW, 

120 
Ni>iihr»l f,iiij|»ir of aluminum .dlow 13 

NIü;   2.\ elt'sliu.!*', N'.l, 91 

Ohm Si.ue I nhersiu, |«oiidng IKIX rc- 
(lattocics, 113 

rrararth iircd* and mrreni practitci 
in wetding, R7 

Oprn-heatth »teei melting practice, ("Mi 
Usnitoiti tulntifutc*, l'^" 
Oxygen cui'.iiij!, effect "» weldabilil) of 

armor. 9S-9i 

I'aim test nictlnMh for aircraft materials, 
32 

I'aper n^iitij; methmlti lor aircraft ma- 
terial», 32 

Paratketone lubricant, 2rt 
Pcnmyivania State Oillegc; plastic How 

of aliiiniiimn alloys. 11 
ship plate fracture icsis, !(t2 

I'hotogruihing defect» in ;,;tiii Iwires. Ö6 
Clastit i!c!oni);)iiitn in lead. 122 
Plattic (low of ain raft »naicrial«., 13 
Plating silver directly on siwi. 118 
Platinum group alloy«, 12« 
i'oiii iiig    IKIV    IT fr;« loriv's    im    surl 

fimndrie», 113 
Precision casting, 111113 

aluminum »mi hrass, 113 
Kim parts, 112, US 
"lost wax" method, 112 
nunferrous metals, i 11 
smali ciüi |viitj, 112 
small wirbinc blades, 112 

PMijcctlle», 74-80 
armor piercing «hot, 11 
cartridge1 brass, 71-77 
driving bands. 7HH() 

Proof firing ic*t "or gun tulicÄ, 55 
Punching mttgnctlum alloy sheet. 1H 
Puritan Cartridge Coating Oimimund, 

76 

Quartermaster's materials, 117-119 
corrosion resistance of Alcuphot, 119 
flatware fi>r aip.1; use, 117-118 
f».»-' 0yitivigs for cooking utensils, 

ill 
.inss jr ;i »iitönfiage, i >9 
mttailurgicall studio, HH 

Quench »rwks in gun tubes, ftH 
Quench-cracking in cast armor steel. If 
Quenching steel, 12-13. «9 

R-3()i aluminum alleys. pro|)eriies, 12. 
ir. 

Radinsrapbir ins{H?' lion of s|Ntt welds, 
98 

Rare metal clrvtriial contacts, 127-128 
R \T quality of pin tulics. ^transverse 

an i redttctiony, r>3-W 
Recoil rslimlers, centrirug-al rusting of. 

110 
Recommendations fi»» further rescarrh; 

jiuminum alloys 16-17 
effccli of explosive impact. I2.r> 
electrtxlc civatings. 91 
flash welding of aluminum alloys, 99 
Ron «'eel. 73 
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heat resisting alloys. S3, H(i 
inaKuesium alloys, 27 
projectile driving bands, HO 
ship srelding, 106 
testiun armor, S6 
weld metal porosity, !Ki 

Reed and Darton Corporation, flatwa.e 
for army use, 118 

Reed springs for' bu// bombs", 86 
Rcrractorics lor molten metal pouring 

lKi\est 113 
Rcnsxelaer Polytechnic Institute, C<M>I- 

ing rates of wcldmcnts, 97 
track sensitivity of welded joints, 97 
spot «vriding armor plate and low al- 

loy itccls, 98 
»pot welding magnesium alloys, 98 
stiess-conosion «f magnesium alloy 

stieel,22 
Resistance welding of armor plate, 98- 

100 
Rivets and rivet steels, 127 
Rock Island Arsenal, welding rock hard- 

ened armor, 91 
Rocket nozrle«. carbide. H.r) 
Rockets, beai resisting alloys I'oi, H'iHii 
Roebling's Sons Co.; aircraft control ca- 

bles. 27 
Rolling an<l piercing practice in steel 

manufac'Mring, 08 
Rotating bands: see Driving bands 
Rublier test methods for aircraft mate- 

rials. 32 
Rupture of sheet metal, mathematical 

analysis. Iß 
Rustle>is Iron and Steel Corporation; 

austenitic electrottcs, 92 
beat resisting alloys, HI 

S curves Cor steel transformations, 71. 73 
Scrap reclamation. Irad-bearibg copper 

allojs. 128 
Seamless gun tulics: Ixire defects. l(i.r>- 

166 
specificttiora, 63 
upsetting. (H 

Selenium ircalment of magnesium alloy 
surlaces. 23 

75 mm gun tubes; Imre defects. O/i 
^(ccl« for. 05, 72 
»ivld strength, .ly 

7.f>.s abiminam alloy.properties. 12.14,15 
Sheet metal compression tests, 15 
Sheet metal tension tests, 15 
Ship steel behavior; elfcct of loads, 101 

effect of notches. 101 
elfect of rate of strain. 103 
eject of structural discontinuitie«, 102 
plate fracture, 102 

Ship welding, 100-105 
fatigue of, 105 
recommendations for further research, 

mi 
residual stresses, 101 

Shot pecning metals, 29-31 
difiiculiies, 3fl 
magnesium alloys, 30 
process Rianual. 32 
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steel. 2*1-30 
Sillimanitc stilisiitutc. 113 
Silver in clertrical contacUi, i'.'M 
Silvci plating «limth on «tccl, I Irt 
Slark (|iK'ii(liiii^. avoidance in minor 

plate, 11 
Slack quenching ^ini LUIMS, 71 
slag coalings lor cooking IIICHMIS. I!7 
Solution hcai treating of magnesium 

alloys. 19 
Spätling of armor plate, .V>, 13 
Specifications 57-I05'l; ,15 
S|K'dlicaiioiiHr.7i0«A; 58, 56, W. «2. (U 
Specllitation.s for nun tiilies, .r>3-.r)(i, l)2-(il 
Specifications for the NRC-2A clectrocle, 

91 
Spcfüinitioii» WA'XS-Cw: <i:i 
Specification*\V\\S-7H: W,(i;t 
Spccifioiiion« WVXSHH; n*.m 
Specification» WVXS-9f; 5», 02, (il 
SpccificalloiM WVXS'lSli ii2, ftl 
Spat welding of armor plutc, WW 
Stainless steel cables, 2H 
Steel; carbon »tccl, L'rt, («l, 117. I'-".» 

cast alloy steels, 129 
centrifugal casiing, lOKill 
lor aircraft control cables, 27-UH 
lor armor piercing shot, 7 i 
for armor plate, 37-49 
lor gas turbines, HI 
for gun tiihci., Sl-W 
for bull construction, 101 
for projectiles, 71 
for reinforcing concrete, 125 
lor rockets and jet propelled devices, 

85-86 
hardenability, 69-73 
beat resisting alloys, K! -SO. 111 
beat treatment, effect on tensile im- 

pact properties, 122 
high alloy steel. 46-49 
ingot practice, 61 
low alloy steels, 89-46 
national emergency steels, 128 
non-alloy steels, SH, 94 
vcldability, 96-98 

Steel alloys for high temperature use, 81- 
86 

f'tecl flatware, protection from rusting, 
118 

Steel ingots, solidification, 65 
Strain gauges in plugs for weld stress 

meaniremsnt, 100 
Strain propagation in metals, 120 
Strain rate tests for metals, 121 
Strain testing of ship steel, 101 
Stress in steel, effect on transformations, 

48 
Stress relief of weldments, 94 
Stress waves in metal from impacts, S3 
Stress-corrosion; cartridge brass, 74-77 

magnesium alloys, 21-23 
Stress-strain relations; alnmiimm alloys, 

14 
magnesium alloys, 23-21, 20 

Stresses in ship welding, 100 
Stretching pio|>crties of aluminum al- 

lovs, IS II 

Surface pecning of metals, 2!(-32 
Surface prcstressing of metals, 29-32 

shot peening, 29-31 
induction burdening, 31-32 

Surveys of avaliahle information; fatigue 
of aircraft materials, 32 

forming of aluminum alloys 12 
beat resisting alloys. H2, rt(i 
magnesiuiu alloy sheet techniques, 2! - 

22 
materials testing methods, 32 
mtiltiaxial stresses in metals, 101 

Tank Heads, casting of end connections, 
110 

Tanker ship welding stresses, 101 
Tempering gun steels, 69 
Tensile impact properties of steel, 122 
Tensile loading machine, high speed, 

125 
Tensile tests for aluminum alloys, 15 
Tensilr tests for gun tubes, 54 
T;'V.i;< testing methods for aircraft ma- 

terials, 32 
Timken Roller Bearing Company; melt- 

ing   practice   for   wrought   gun 
lubes, 64 

open-hearth melting process for 
wrought guns. 66 

tempering temperature for gun steel. 
71 

Tin Reclamation, Advisory Committee 
on, I 

37 mm AP projectiles, 71 
87 mm projectile driving bands, 79 
S in, projectile driving bands, 79 
'Transformation characteristics of steel, 

40-48 
'Transverse Charpy impact test for 

wronght gnn tnl>cs, 54 
'Transverse impact in gun tubes, 00-01 

average quality, 00 
degree of control. 01 
Variation, 61 

Transverse reduction of area in gun 
tubes; «legrcc of control, 58-59 

effect ot forging reduction, 62 
effect of reheat treatment, 61-62 
effect of yield strength, 61 
statistical studies of average quality, 

57 
variation, 57-58 

Transverse tensile test for wrought gnn 
tubes, 54 

Trojan Powder Company, direct explo- 
sion tests for wtldcd armor and 
ship plate, 36,92 

Troopship welding stresses, 101 
Tungsten in electrical contacts, 128 
i '.irbitic blades, cas'Jng, 112 

Turlmsupcrchargci-s. heat resisting 
metals, 81,83 

2I.S-0 alinninum alioy, properties, 13.15 
IMS-Til aluminum alioy, properties, 12 
Twinning of magnesium crystals, 20 

Union Carbide and Carbon Company, 
luat resisting alloys, 81 

Universal Cyclon* Steel Corj^oration, 
beat rcsisliiig itlliiys. 81 

University of California; magntnium 
alloy lonrabilitv, 23-21, 25 

ship plate fracture, 102 
University of Illinois; shiki ^i,;nc l> c- 

ture, 102 
fatigue strength ot gun steel, 72 

University of Michigan fatigue strength 
of gun nteel, 72 

heat resisting; alloy«, f 
low ieiii|)<?raiur." proptrtics of metal'. 

I !9 
University of Notre Dame; properlict' A 

new gnn x-sels 7i' 
slack qucnibing gnis UIK-S, 71 

University of Pittsbuig i, lioie-twipcra- 
ture-bardiiess  relations   in  g'.n 
steel,';. 

u, S. Naval Engineering Expcritnent 
Station, heat reülstlng alloys, 81 

U. S. Pipe and Foundry Company; cast- 
ing bimetal tubing for ciriving 
bands, 79 

centrifugally cast recoil cylinders, 110 
U, S. Steel Corporation; ballistic per- 

formance of welded armor plates, 
93 

failure of welded armor joints, 91 
beat resisting alloys, 81 

V notch Charpy values. 35 
Vanadium Corp, of America; heat resist- 

ing alloys. HI 
new gun steels, 72 

Victory ship welding, stresses, 101 
Vitallium (cobalt-base alloy), high tem- 

perature creep rate, 82 
von Kilnn.in, stress due to high velocity 

impact, 35 
von Kärmän theory of the propa^acion 

of plastic deformation in solids, 
120 

War Metallurgy Division, NDRC; 
organization of, 1-3 

research projects, 3-4 
Watcrtown Arsenal; pouring box refrac- 

tories, 113 
progressive stress damage of guns, 52 
transverse impact resistance of guns, 

52 
transverse reduction of areas of guns, 

52 
Wax patterns for precision casting, 112 
Wedge-curl drop test, I0H 
Weld metal porosity, during arc weld- 

ing, 90 
Welding, 87-106 
Welding, mathematical and electrical 

study of heat flow, 94 
Welding Advisory Committee, 1 
Welding aluminum alloys, 98, 99 
Welding armor, 87-99 

armor ".nd alloy steel, 87 
armor plate from non-alloy steels, 91 
backup material for welded joints, 93 
ballistic performance, 91,93 
boron treated homogeneous armor, 91 
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crack sensitivity of welded joints, 01 
(iicc-haidcnt-d armor, M 
impravciiicnt of shock mi^iancc, 91 
lark «f sinmlardi/cil pKKedtire, 87 
repair of tast armor, 95 
nircsi aiuilysiit of welded armor, 89 
weld joiitl defects^ K1 

Welding bucketi on gas turliine roior», 
81 

Welding electrode»; auitenitic dec- 
trode», 88*92 

lerritic t-ltctroiles, 8U 
NRC-2A clccirwies, 89,91,95 

Weldinii: heat n-sistitij? alloys, 84 
Wddiiif; iii',j;',i(ii>ij, radiographic ami 

lluoroscojpit:, 98 
Welding raetlirKS»-, arc welding, -M 

flash welding, 90 
rcHistancc wdding, 98-10) 
t|jot welding, SH-99 

UddinK s'lip«. 100-100 

«* SJjii'K^ 

fatigue fracture», 100, loj 
huUsted,!»! 
üirciiM» in fillip wddmciils, 100 
»uutfiiral failures, ICO 

Welding test methods; cracking lend- 
ency measurements, 97 

dir«;t evplosion lesis for welded ar- 
mor and ship plate. 3(>, 92 

for aircraft materials, 32 
"51" plate test for welded armor plate, 

88 
hardness measurements, Wt 
Jotniny hardenaliiUty test, 97 

Weldmovu; ooolihg rate, 96-97 
stress relief, 94 

Westinghoiise Electric and Mfg. Com- 
pany, heat resisting alloys, 81 

Wood testing methods for aircraft mate- 
rials, 82 

Wrought gun tubes; basic open-hearth 
melting pitKcss, fKi-ö? 

sled quality, 52 

XA75S aluminum alloy, properties, 12 
X-ray stress meMsurement of non-ferrous 

alloys, 70-77 
X-ray s:ructuie analysis of magnesium, 

26 
X-ray   technique  of  inspecting  wdd- 

inems,98 

Vldd strength of gun steel, 5) 
Vichl sire.igih of gun lubes, 52,59-60 

degree of control, 60 
effect of tempering, 59 
quality, 59 
variation, 59-60 

Zamac II die-cast alloy, 124 
Zinc coatings for cartridge cases, 75-76 
Zint: used for soldering iron and coppei 

together, 79 
Zirconium for armor sleds, 39 
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